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 Since the early ages of oceanic transportation, ship hulls have been encrusted with 
foulers including barnacles, oysters, and mussels. With the attachment of these animals, 
vessels exhibit a decrease in top speed while fuel consumption increases. This not only 
becomes expensive, but also has contributions to climate change. Current antifouling 
coatings function by releasing toxic copper into the water, keeping hulls clean at the 
expense of marine life. Consequently, there is great need to develop environmentally 
benign coatings to reduce biological adhesion. Recent mechanistic insights suggest that 
the marine mussel, Mytilus edulis, adheres with proteins that undergo oxidative cross-
linking. Our work has focused on taking a mechanistic approach to defeat adhesion with 
the incorporation of reducing agents into a variety of coatings to inhibit oxidative 
chemistry and glue formation. Literature also supports that with lower surface energy 
coatings, adhesion strength decreases. Therefore, we have investigated what effect 
lowering the surface energy of a coating with the addition of reducing agents has on 
mussel adhesion.  
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CHAPTER 1. INTRODUCTION TO MARINE BIOLOGICAL ADHESION AND 
ANTIFOULING COATINGS  
1.1 Introduction 
 As soon as a ship enters the open waters, foulers, including barnacles, oysters, 
mussels, and algae attach themselves to the underwater hulls. The adhesion of these 
animals poses a detriment to the shipping industry. When fouled, ships exhibit an 
increase in drag, which results in a drop in vessel speeds.1,2 Consequently, this may 
require a ship to burn up to 50% more fuel than if running with a clean hull.1,2 With an 
increase in fuel consumption, there are contributions to climate change as well as an 
increase in operational expenses of a vessel.  
 In open waters, foulers adhere to each other and underwater surfaces to help 
reduce hydrodynamic forces from the waves around them, increase their ability to 
reproduce, and help protect themselves from predators. In particular, marine mussels are 
impressive in their ability to adhere to almost any surface while underwater, including 
Teflon (polytetrafluoroethylene). Due to this adhesion, there is a great need to deter 
bioadhesion to underwater structures.  
 To decrease the adhesion of these animals and keep hulls clean, antifouling 
coatings have been developed. The current antifouling coatings release toxic biocides into 
the water, ultimately killing marine life. As time passes, ships that have these biocidal 
coatings eventually become fouled. As a result, vessels must be removed from the water
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 to perform maintenance or apply new coatings, an expensive process that limits the time 
a ship is in use.  
 There is a great need to develop inexpensive, environmentally benign coatings 
that will keep ships clean without poisoning our waters and harming marine life. These 
coatings must also be able to withstand the harsh environment of our oceans and stay 
adhered to ship hulls while underwater. We have taken these factors into account when 
developing our antifouling coatings.  
 
1.2 Historic Antifouling Methods  
 In the early 16th century, copper sheathing was used to protect wooden ships from 
fouling. This soon became a retired practice with the development of iron hulls.3 The first 
antifouling paint patent containing biocides of iron and copper was granted in 1625 to 
William Beale.4 From this time on, the most popular antifouling coatings contained 
metals including copper, arsenic, and lead.  
 
1.3 Toxic Coatings 
 Many of the first antifouling coatings contained chemically active species. These 
coatings would slowly release the active biocidal compounds, usually copper-based, into 
the surrounding waters to eliminate biofouling. Releasing toxic compounds into the water 
kills any organisms that are in proximity to the coated surfaces and/or eradicates any 
fouling that has already settled and attached to the area.3,5 
 In 1954, Vander Kerk and Luijten noted the biocidal properties of trialkyltins, 
including tributyltin oxide.5 Being a colorless liquid that has high solubility in many 
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solvents, the addition of tributyltin (TBT) into coatings became the most popular 
technique to prevent fouling. During the 1970’s, coating development focused on TBT-
based self-polishing copolymer systems, containing acrylic or methacrylic copolymers.6 
With high toxicity to marine life and the detriments it posed to the environment, tin-free 
coatings were eventually developed in the 1980’s.7,8 Now, TBT has been banned due to 
the high accumulation of tin and deformities in marine life.9,10 
 
1.4 Environmentally Benign Coatings 
 Several approaches are being examined to deter biological adhesion and prevent 
ship fouling. The following sections provide an overview of recent approaches used to 
reduce bioadhesion. The systems mentioned include the major advances in the area of 
antifouling coatings.  
 
1.4.1 Engineered Surface Topography 
 Recent approaches to reduce fouling have been inspired by mimicing surfaces 
found in nature. Many plants and marine organisms have a unique surface topography 
that provides an antifouling protective coating.11,12 The skin of a shark has a specific 
microtopography that helps to reduce drag while also preventing the settlement of 
microorganisms.13 This system was mimicked using polydimethylsiloxane and has shown 
to be effective against marine fouling. Several other systems that are found in nature and 
can resist fouling include the skin of the Pilot Whale14, the lotus leaf15, and the Nepenthes 
pitcher plant16. All of these systems have been mimiced to produce new materials for low 
fouling surfaces.  
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1.4.2 Foul Release Coatings 
 Foul release coatings (FRCs) do not contain biocides and work by providing a 
nonstick surface. Most FRCs are silicone and fluoropolymer based systems that provide a 
slippery surface.17,18,19 Although organisms will attach to FRCs, they may be removed 
during navigation by hydrodynamic forces or even with mechanical cleaning.17,18,19 Due 
to their environmentally benign properties, many FRCs are commercially available 
including Intersleek 900 (International Paint, Houston, TX) and Silastic T-2 (Dow 
Corning, Midland, MI).  
 
1.4.3 Nonfouling Coatings 
 Many zwitterionic polymers and poly(ethylene glycol) (PEG) systems have 
shown to exhibit nonfouling properties, repelling the adhesion of bacteria via surface 
hydration.19-22 Zwitterionic polymers have both anionic and cationic groups throughout 
the polymer chain resulting in an overall neutral polymer that is hydrophilic. PEG 
surfaces are also hydrophilic resulting in a strong surface hydration.23,24 It is hypothesized 
that the bound water molecules on the surface may be too difficult to displace thus 
creating a barrier and minimizing or even preventing bacterial and organism adhesion.  
 
1.5 Marine Mussel (Mytilus edulis) and Adhesive  
 In recent years we have gained an increased understanding of how marine mussels 
attach to surfaces. The marine mussel deposits an adhesive matrix comprised of the rare 
amino acid 3,4-dihydroxyphenylalanine (DOPA), a result of the post-translational 
oxidation of tyrosine.25,26,27 These disk-like adhesive plaques contain a mixture of 
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proteins with varying DOPA content that must undergo cross-linking for curing of the 
glue (Figure 1.1A).25,26,27 Upon depositing the glue, the animal will retract its foot leaving 
behind the adhesive plaque attached to a non-living thread (Figure 1.1B). This thread is 
the connection between the mussel’s living tissue and the adhesive on the surface. 
 
 
Figure 1.1 Marine mussel and adhesive. (A) The chemical structure of 3,4-
dihydroxyphenylalanine (DOPA) which attributes to adhesion in mussel glue. (B) Marine 
mussel underwater laying adhesive plaques on the side of a glass aquarium. 
 
 It is also important to note that these adhesive plaques contain metal ions. Iron, 
zinc, copper, and manganese are found in high concentrations within the adhesive. 
Specifically, the concentration of iron and zinc within the plaques is ~100,000 times that 
of seawater. Such high levels suggest that metals may also be involved in the cross-
linking mechanism of the adhesive. 25,26,27 
 When investigating the interactions between a mussel adhesive precursor protein 
and iron, it has been shown that DOPA can chelate the metal. Using atomic force 
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microscopy, it has been reported that with the addition of Fe3+ to a mussel protein the 
adhesive energy increased.28 This provides evidence for the involvement of Fe in the 
cross-linking of DOPA proteins within the adhesive. Additionally, the potential at which 
catechol becomes oxidized by one electron to form a semiquinone and Fe3+ is reduced to 
Fe2+ is similar at ~0.75V.29 Consequently, the interaction between the DOPA proteins and 
Fe within the mussel adhesive could be by way of metal chelation, redox chemistry, or a 
combination of the two.  
 
1.6 Proposed Mechanism of Adhesion  
 It is important for a glue to have both cohesive and adhesive bonding interactions. 
Cohesive bonding provides interactions within the bulk of the glue while adhesive 
bonding provides surface interactions.25,30 As previously mentioned, Fe-DOPA 
complexes are found within the adhesive and upon oxidation radicals may form. These 
radicals may result in radical-radical coupling of proteins that form cross-links within the 
glue for curing, resulting in cohesive bonding. Radicals may also couple directly to 






Figure 1.2 Proposed mechanism of adhesion for mussel glue. The reduced DOPA can 
chelate Fe and undergo oxidation to form a radical (top). Radical-radical coupling within 
the bulk can occur to give cohesive protein cross-linking and surface-radical coupling can 
occur for adhesive surface bonding (bottom). Schematic adapted from  
references 25 and 30. 
 
1.7 Mechanistic-Based Approach to Fighting Fouling  
 With our understanding of how marine mussels stick, we have taken a 
mechanism-based approach to reduce this biological adhesion. With the addition of 
reducing agents (i.e., reductants, antioxidants) into our coatings, we may be able to 
prevent or reduce the oxidation of DOPA proteins, thereby preventing the cross-linking 
reactions that occur during glue formation. As a result, we have focused on developing 
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coatings containing antioxidants and examining their influence upon the strength of 
mussel adhesion.  
 
 
Figure 1.3 Cartoon depicting our approach to reduce bioadhesion. With the addition of 
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CHAPTER 2.  MANAGING REDOX CHEMISTRY TO DETER MARINE 
BIOFOULING  
2.1 Introduction 
 Transoceanic shipping is projected to grow from the current 3.5%1 to over 15% of 
the world’s fossil fuel consumption.2 There are great needs to maximize shipping 
efficiency from perspectives of environmental protection, resource conservation, and 
economics. Barnacles, oysters, mussels, algae, and bacteria are constantly attaching 
themselves to underwater structures. This adhesion presents a major problem for ships. 
When fouled, fuel burn can increase up to 50% versus a clean hull.3, 4 Vessel speeds may 
also drop as much as half when running at fixed power.3, 4 Unfortunately, current marine 
antifouling coatings function by releasing biocidal copper into the surrounding waters.  
  
 12
      
Figure 2.1. Marine bioadhesion in coastal environments. (a) Mussels attached to rocks in 
California. (b) Oysters bonded together to form a reef in South Carolina. (c) A mussel 
adhered to a sheet of Teflon (polytetrafluoroethylene). (d) Boat with red antifouling paint 
at the waterline and below. Such coatings discourage attachment by releasing biocidal 
copper into the surrounding waters. Alternative antifouling technologies are needed to 
stop our poisoning of the seas. 
 
 With both the environment and money at stake, development of antifouling 
coatings is a vibrant area of research.5, 6 Shellfish adhere to surfaces and each other in 
order to reduce hydrodynamic forces around themselves, increase reproductive efficiency, 
and deter capture by predators (Figure 2.1a and b). Marine foulers are impressive in their 
ability to attach themselves onto nearly any surface, including Teflon 
(polytetrafluoroethylene, Figure 2.1c). Consequently, several approaches are being 
examined to deter bioadhesion including micropatterned surfaces, zwitterionic polymers, 
biocides on surfaces, fluorinated polymers, lubricants in porous surfaces, hydrophobic 
 13
surfaces, and cell signaling agents bound to coatings.6-11 Although low modulus (e.g., 
silicones)5, 12 and amphiphilic13 coatings are in use on some ships, biocides, by far, have 
provided the most effective prevention of ship fouling.7, 14 Early tin-based and current red 
copper-based coatings (Figure 2.1d) release these toxic metals and stop attachment by, 
essentially, killing everything in the waters around a ship. All major ports in the world 
are now polluted with high copper levels.15 Bans on biocidal coatings are being proposed 
but, at this time, there is no viable antifouling alternative available.16  
 Instead of making the seas deadly for marine life, new strategies are required to 
mitigate bioadhesion. In recent years, we have been gaining an increased understanding 
of how shellfish adhere. Characterization efforts show that themes in marine bioadhesion 
are emerging.17, 18 The glues of mussels,19-21 barnacles,22, 23 tube worms,24, 25 oysters,26 
and algae27 are, at least in part, comprised of cross-linked protein matrices. Furthermore, 
evidence of oxidative chemistry has been found in the cross-linking and curing of these 
materials.23, 26-29 Perhaps the most well understood bioadhesive system is that produced 
by mussels. These shellfish attach by depositing a mixture of proteins followed by cross-
linking together the macromolecules for curing the glue.19-21 Each of the key proteins 
contains the rare amino acid 3,4-dihydroxyphenylalanine (DOPA). This component can 
be oxidized by one electron to a semiquinone or two electrons to a quinone. Subsequent 
reactivity generates the final cross-links within the cured material.  
 Such insights now allow us to take a mechanism-based approach to stopping 
bioadhesion. Reducing agents (i.e., reductants, antioxidants) may be able to quench 
oxidized protein species, thereby stopping the cross-linking reactions necessary to form 
glues. Although combining reductants with an oxidized adhesive precursor may appear 
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evident,30 our understanding of bioadhesion is changing rapidly and there has not yet 
been any examination of how shellfish respond to such altered surfaces. Consequently, 
we have set out to develop a series of reducing substrates and examine the influences 
upon animal detachment. Mussels could not adhere as strongly to these antioxidant-
containing surfaces when compared to controls. Such results help us to understand the 
mechanisms of bioadhesion as well as provide a new approach to antifouling. These 
findings can provide us with strategies for solving the age-old problem of foulers 
encrusting ship hulls.  
 
2.2 Experimental  
 
2.2.1 Coating Preparation  
 Aluminum panels, 10 cm x 10 cm and 1.5 mm thick, were sealed with Amerlock 
marine epoxy covering all sides. This marine epoxy was formulated with a 1:1 volume 
ratio of Amerlock 2/400 white resin epoxy to Amerlock 400 cure epoxy. After complete 
curing for 24 hours, a second coat of two-part epoxy was applied to provide a tie coat. 
While this second epoxy layer was still tacky, approximately 2 hours after application, a 
layer of antioxidant (or DBT control) in a commercial polyester coating, Rust-Oleum 
Clean Metal Primer, was painted on. The antioxidants shown in Figure 2.4 were each 
dissolved into this primer at both 2.5% and 25% weight of antioxidant per dried weight of 
the coating (weight/weight). After drying to hardness for 24 hours, a second layer of 
antioxidant in the polyester provided the top layer and was cured fully.  
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2.2.2 Animal Handling  
 One blue mussel (Mytilus edulis) was placed on each 10 x 10 cm panel and held 
in place with a rubber band. Mussels used here were adults of ~4-8 cm in length. Eight 
mussels, each on one panel, were contained in a 10 gallon aquarium with growth 
conditions of 4 °C, 3.5 grams/100 mL salinity, and constant aeration. Details of our 
laboratory aquarium system are available in reference 31. Note that mussels are not 
vertebrates and, thus, do not require specific approval for animal use protocols. 
 
2.2.3 Animal Health Test 
 In addition to tap testing and quantifying adhesive production, measurements of 
condition indices were also used to determine animal health. The potential health 
influence of each coating was examined by maintaining one mussel in contact with a test 
panel for 3 days in a 3-liter aquarium with aeration. Note that the effective concentration 
or exposure here was greater than that used in adhesion experiments (e.g., 6 liter 
equivalent). For each coating, a total of ten animals were tested. After exposure to test 
panels, animals were stored in polyethylene bags at -80 °C for 1-3 days prior to analysis. 
Frozen samples were boiled in 1.3 L of water for 2 minutes. The soft tissue was dissected 
from the shell then both meat and shell were dried at 60 °C to a constant weight. Samples 
were massed to the nearest 0.001 gram and the condition index (CI) was calculated using 
the following equation from reference 32:  
  






 x 100                                       Eq. 1  
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2.2.4 Adhesion Data Collection  
 Removal force was collected on an Instron 5544 materials testing system. 
Adhesion testing was carried out three days after placement of the mussels and panels 
into aquaria. At least 16 animals were examined for each coating type (4 antioxidants and 
1 DBT control) to yield ~100 plaques in each case. Adhesion data were gathered in two 
rounds whereby each round contained at least 8 mussels each on a separate panel per 
coating type.  
 Adhesion determination for the first round of 25% antioxidant and control 
coatings was run over 6 consecutive days, testing each coating type independently. Under 
the same conditions, adhesion testing of the first round of 2.5% antioxidant and control 
coatings was then collected over 6 consecutive days. Following the first round, a second 
round of adhesion testing was gathered for both the 25% and 2.5% coating type for 
another 7 and 6 consecutive days, respectively. In order to monitor consistency of these 
experimental conditions, several DBT control tests were interspersed between the 
antioxidant coatings. Consequently, there are more animals and plaques shown for the 
controls than the antioxidant test panels. Each candidate coating was tested with 16 
animals. For the DBT control coatings, 32 animals were used at 2.5% loading and 40 
mussels on the 25% coatings.  
 
2.2.5 Oxidation Peak Potential Measurements 
 Cyclic voltammograms were recorded with 1.0 mM antioxidant in a 0.2 M (n-
Bu)4NPF6 solution of CH3CN using a Princeton Applied Research/EG&G Model 283 
Potentiostat/Galvanostat with PowerSuite Electrochemistry software. Measurements were 
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made using a glassy carbon working electrode (diameter = 2 mm), Pt-wire auxiliary 
electrode, and Ag/AgNO3 reference electrode (0.01 M AgNO3, 0.1 M (n-
Bu)4NPF6/CH3CN) with scan rate = 0.1 V s-1. The ferrocene/ferrocenium couple was 
observed at 0.089 V (versus Ag/AgNO3). All oxidation peak potentials are shown with 
respect to the ferrocene/ferrocenium reversible potential. The potential noted for 
ethoxyquin is the removal of the first electron.  
 
 We must thank Dr. Dennis Evans for insightful conversations and assistance with 
these electrochemical experiments.  
 
2.2.6 Characterization of Coatings  
 
2.2.6.1 Digital Imaging  
 Digital images of mussel adhesive plaques were collected with a Nikon D80 
camera, a 50 mm f1.8 lens, and a Kenko 12 mm extension tube. ImageJ software was 
used to determine plaque areas from these photographs.  
 
 
Figure 2.2. Photographs of 25% loaded coatings on aluminum plates to show colors. 
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2.2.6.2 Optical Microscopy 
 Optical microscopy was carried out on an Olympus BX51 with a USHIO lamp as 
well as an Olympus DP71 CCD camera. 
 
 
Figure 2.3. Microscopy images showing coating roughness.  Micrographs were taken 








2.2.6.3 Vickers Hardness 
 Hardness values of coatings were measured using a LECO LM 247AT 
Microindentation Hardness Testing System. A load of 500 gram-force was applied to the 
surface at three different points. Samples were analyzed using PAX-it imaging software.  
 






DBT (control) 81 ± 22 96 ± 4 
anisole 150 ± 38 92 ± 6 
BHT 82 ± 9 87 ± 8 
DTBP 100 ± 20 84 ± 6 
ethoxyquin 27 ± 5 15 ± 1 
Hardness values provided are averaged from three areas within one sample.  











2.2.6.4 Surface Roughness 
 The surface roughness of each coating was determined with a Tencor Alpha Step 
200 profilometer. Nine linear measurements were taken over three samples and the 
average roughness (Ra) in microns was calculated.  
 






DBT (control) 26 ± 8 20 ± 1 
anisole 18 ± 3 23.2 ± 0.4 
BHT 20 ± 4 26 ± 6 
DTBP 19 ± 6 16 ± 6 
ethoxyquin 18 ± 4 17 ± 5 
Values provided are each averaged from nine linear measurements taken 










2.2.6.5 Water Contact Angle  
 The contact angle of each coating was measured using the sessile drop technique 
with a Ramé-Hart Advanced Goniometer/Tensiometer Model 500. Five measurements 
were made per coating using 1 μL of deionized water. 
 
Table 2.3. Water contact angle data for each coating. 
coating 
2.5% loading 
contact angle (°) 
25% loading 
contact angle (°) 
DBT (control) 77.1 ± 0.8 89 ± 4 
anisole 82 ± 3 85 ± 6 
BHT 72 ± 2 82 ± 7 
DTBP 87 ± 3 92 ± 8 
ethoxyquin 75 ± 5 53 ± 6 
Values provided are averaged from five measurements within one sample.  













2.2.6.6 Energy Dispersive X-Ray Spectroscopy  
 Prior to analysis, samples were coated with Pt or AuPd for 60 seconds. Energy 
dispersive X-ray (EDX) spectroscopy was accomplished with an Oxford INCA Xstream-
2 with an Xmax 80 detector using 20kV, 50μm objective aperture, and 70 seconds of 
collection time. 
 
Table 2.4. Line analysis by energy dispersive X-ray spectroscopy to determine percent 
elemental composition for 2.5% and 25% loaded coatings.  
 C O Mg Al Si Ti 
2.5% loading       
DBT (control) 52.2 ± 0.6% 26 ± 1% 2.8 ± 0.2% 0.43 ± 0.03% 4.9 ± 0.03% 9.9 ± 0.6% 
anisole 50 ± 5% 27 ± 4% 3.0 ± 0.3% 0.50 ± 0.02% 5.3 ± 0.03% 10.5 ± 0.5% 
BHT 56 ± 6% 24 ± 3% 2.6 ± 0.3% 0.43 ± 0.05% 4.6 ± 0.3% 9.3 ± 0.6% 
DTBP 52 ± 4% 27 ± 2% 2.8 ± 0.4% 0.43 ± 0.04% 4 ± 2% 9.7 ± 0.4% 
ethoxyquin  55 ± 5% 23 ± 3% 2.6 ± 0.4% 0.44 ± 0.04% 4.6 ± 0.5% 9.8 ± 0.9%  
       
25%  loading       
DBT (control) 57 ± 1% 33 ± 1% 1.9 ± 0.1% 0.24 ± 0.02% 3.0 ± 0.1% 3.4 ± 0.3% 
anisole 57 ± 1% 33.1 ± 0.8% 1.9 ± 0.1% 0.24 ± 0.01% 3.1 ± 0.02% 3.6 ± 0.2% 
BHT 63 ± 6% 29 ± 4% 1.3 ± 0.4% 0.19 ± 0.04% 2.3 ± 0.6% 2.7 ± 0.5% 
DTBP 58.2 ± 0.9% 33.2 ± 0.8% 1.5 ± 0.2% 0.26 ± 0.04% 2.5 ± 0.3% 3.7 ± 0.4% 
ethoxyquin  71 ± 3% 23 ± 2% 1.0 ± 0.2% 0.19 ± 0.03% 1.6 ± 0.3% 2.5 ± 0.5%  
The values provided for each coating are averaged from six areas within two samples.  








2.2.6.7 Statistical Analysis of Adhesion Data  
 Force, area, and adhesion measurements were all averaged per animal for each 
coating. These average values per animal were then averaged to get an overall mean force, 
area, and adhesion measurement for each coating. This overall average of individual 
animals minimizes the effect of one shellfish providing an atypically high or low number 
of plaques as well as weak or strong bonding. Data for each coating type were combined 
from the two rounds of adhesion testing. 
 To examine the possibility of differences in the mean values of mussel adhesion 
between testing rounds (round 1 and 2) and animals within each round, a nested ANOVA 
was calculated. A nested ANOVA was carried out for each coating type at 2.5% and 25% 
reductant loading. Post hoc comparisons were performed using both Tukey’s and 
Dunnett’s tests. The significance level for rejecting the null hypothesis (i.e., no difference 
in adhesion strength among animals or rounds) was at a confidence level of 99% (P 
<0.01). Data were analyzed with SAS 9.4 for Windows.  
 Statistical results for 2.5% and 25% reductant loaded coatings are shown in  
Table 2.5. A nested ANOVA showed some statistically significant differences (P <0.01) 
between animals on a given coating, with the exception of the 25% BHT and ethoxyquin. 
No statistically significant differences were found between round 1 and 2 for all coatings 
of 2.5% or 25%. These results suggest that, although there is variation among animals 
within rounds, there is not a significant variation between rounds. Consequently, 
averaging adhesion of all animals on a given coating is statistically valid. When 
averaging all animals on a 2.5% loaded coating, no statistically significant differences in 
adhesion were observed versus the DBT control. For the 25% coatings, anisole, DTBP, 
 24
and ethoxyquin were statistically different from the 25% DBT control whereas BHT was 
not (Dunnett’s: P <0.01). 
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Table 2.5. Statistical analysis of mussel adhesion (Nested ANOVA) on 2.5% and 25% 
loaded coatings. 
 
 source P value  
2.5% loading   
 
DBT (control) 
round 1 vs. 2 vs. 3 vs. 4 0.2214 
all animals  <0.0001** 
 
anisole 
round 1 vs. 2  0.0264 
all animals  0.0001** 
 
BHT 
round 1 vs. 2  0.0826 
all animals  <0.0001** 
 
DTBP 
round 1 vs. 2  0.9069 
all animals  0.0029** 
 
ethoxyquin  
round 1 vs. 2  0.5765 
all animals  <0.0001** 
   
25%  loading   
 
DBT (control) 
round 1 vs. 2 vs. 3 vs. 4 0.0231 
all animals  <0.0001** 
 
anisole 
round 1 vs. 2  0.4482 
all animals  0.0055** 
 
BHT 
round 1 vs. 2  0.2184 
all animals  0.3366 
 
DTBP 
round 1 vs. 2  0.5046 
all animals  <0.0001** 
 
ethoxyquin  
round 1 vs. 2  0.1932 
all animals  0.0126 
Mussel adhesion on 2.5% and 25% loaded coatings with animals nested within rounds. 
Statistically significant differences (P <0.01) are designated by asterisks (**).  
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2.3 Results and Discussion  
 Four different organic antioxidant compounds were chosen for these studies after 
considering and testing several design criteria (Figure 2.4). These constraints included 
having a range of structures, sufficient solubility within a host coating, and limited water 
solubility to prevent leaching. The antioxidants must also allow the final coating 
formulation to set fully. Promising coatings will cover large ship hulls, thus scalability 
and commercial availability are needed. Dibutyltoluene (DBT) was a suitable control 
compound, owing to a similar aromatic structure yet not having oxidation chemistry 
available easily within a biologically accessible range.  
 
Figure 2.4. A series of antioxidants and a control, each dissolved into a host coating. 
Mussels then deposited their adhesive onto these surfaces. The antioxidants were used to 
quench oxidative radicals generated by shellfish for curing their adhesives  
 
2.3.1 Host Coating  
 Each of these organic compounds was dissolved into a host coating and painted 
onto aluminum panels. A viable host coating should dissolve the antioxidants and dry in 
the presence of potential antifouling compounds. Most marine coatings, such as two part 
epoxies, are reactive and can consume additives. Thus we focused on evaporative 
coatings consisting of polymers dissolved into solvent. The host coating also needs 
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adhesion to metal when kept underwater, bonding strength high enough to not be pulled 
off the substrate when testing shellfish adhesion, and the ability to be easily applied onto 
large surfaces. After experimenting with several coatings into which the antioxidants 
might reside, a commercially available, evaporative polyester metal primer was the most 
suitable. Details of the coating preparation are provided in the Methods Section. Each 
organic compound was dissolved into the host matrix at both 2.5% and 25% loadings of 
antioxidant dry weight per coating dry weight.  
 
2.3.2 Characterization of Coatings  
 Coatings containing each antioxidant (or control) were characterized and 
compared by several methods. Surface wetabilities, measured by water contact angles, 
were similar for all coatings and within a range of 72° to 87° for 2.5% (weight/weight) 
loading and 82° to 92° for 25% (weight/weight) loading, with one antioxidant 
(ethoxyquin at 25%) lower at 53° (Table 2.3 ). Optical microscopy images showed that 
the texture of each surface was analogous (Figure 2.3). Profilometry measurements 
provided corresponding roughness values (Ra) of 18 - 26 μm for 2.5% and 16 - 26 μm for 
25% (Table 2.2). Three of the antioxidant coatings (anisole, BHT, DTBP) and the control 
(DBT) yielded comparable Vickers hardness values at 81 - 150 MPa for 2.5% and 84 - 96 
MPa for 25%, with one reductant (ethoxyquin) lower at 27 MPa (2.5%) or 15 MPa (25%, 
Table 2.1). Ethoxyquin is a viscous oil at room temperature, possibly accounting for the 
decreased hardness. Energy dispersive X-ray spectroscopic examination of each coating 
provided elemental composition insights near the surfaces (Table 2.4). Results were 
generally similar amongst the coatings with, for example, carbon at 57 - 71% 
 28
composition and oxygen at 23 - 33% composition for 25% loading. Taken together, these 
data indicate that, with the exception of ethoxyquin, this group of antioxidant-containing 
and control coatings exhibited generally similar characteristics.  
 Amongst all the marine creatures producing glues we have more insights on how 
mussels adhere.19, 20 Oxidative radical species are known to be key for adhesive 
formation.19, 29 Furthermore, we have developed a precise method for quantifying 
adhesion strengths and material failure modes when mussels attach themselves to 
surfaces.31 When these factors were combined with the ease of growth in laboratory 
aquaria under controlled conditions, mussels provided a logical choice for antifouling 




Figure 2.5. Measuring mussel adhesion on antioxidant-containing coatings. (a) Shellfish 
growing in a ~1,200 liter laboratory aquarium. The system consists of a chiller, main tank, 
surge tank to induce adhesive production, and a siphon to produce the surge. (b) Several 
mussels deposited adhesive plaques onto each other as well as the glass side of the 
aquarium tank. (c) A mussel after bonding itself to a test panel. (d) Pulling of one plaque 
from the surface to collect adhesion data. The thread, between the plaque and clamp, is 
shown here for clarity. During real testing, the clamp covers the entire thread in order to 
minimize thread failure. Color of the inset image was adjusted to help visualize the entire 
plaque area. 
 
2.3.3 Mussel Health  
 Although biocidal approaches to antifouling are the most common,7, 14 our goal is 
to stop adhesion rather than kill animals. To that end, we assessed potential health effects 
of these coatings on mussels. Briefly, adult mussels were placed in an aquarium with 
coated test panels for 3 days, after which animal health was examined. Healthy mussels 
gape (i.e., shells are open somewhat) and will close immediately when tapped. All 
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animals on coated test panels passed this tap test. Our experience has shown that robust 
mussels generate several adhesive plaques and threads within a day of placement upon a 
new surface. Data in Table 2.7 show that these coatings produced no ill effects in this 
regard. Lastly, the condition index is a measure of animal soft tissue mass as a function of 
shell mass.32, 33 Illness and wasting is observed by decreasing condition indices.32, 33 
Results in Table 2.6 show no notable condition index changes for animals when in the 
presence of these panels. Coating results were similar to that of an aluminum panel 
control. These tests allowed us to conclude that, within these surroundings, the candidate 
coatings did not diminish mussel health.  
 
Table 2.6. Health studies for mussels exposed to 25% loaded coatings for 3 days in 
seawater.  
coating condition index 
DBT (control) 7 ± 3 
anisole 7 ± 3 
BHT 7 ± 1 
DTBP 8 ± 2 
ethoxyquin 9 ± 3 
The provided condition indices in (grams of dry 
meat weight/ grams of dry shell weight) x 100 are 
averaged from ten animals.  Errors provided are one 





2.3.4 Mussel Adhesion 
 Mussels were each banded to panels containing potential antifouling additives 
(Figure 2.5c) as well as bare aluminum for comparison. After 3 days underwater, 
adhesion strengths of the resulting plaques were quantified using an established 
procedure.31 Animals were removed from the plates by cutting their threads at the shell, 
leaving behind attached plaques and threads on the coatings. Plates were then 
photographed to determine plaque area by digital image analysis (Figure 2.5c). Each 
thread was then pulled normal to the surface until failure thereby providing removal 
forces (Figure 2.5d). Adhesion of individual plaques was calculated by dividing this 
removal force by the plaque area. In addition to these adhesion data of force/area, 
adhesive plaque production (Table 2.7), and material failure modes (Table 2.8) were 
cataloged. 
 Averaged adhesion data for mussels attached to each coating are shown in Figure 
2.6. Every surface containing an antioxidant (or DBT control) displayed less adhesion 
than the aluminum control. At 2.5% loadings of antioxidants in the host matrix, animals 
stuck equally well to all surfaces. With more antioxidants present at 25%, significant 
decreases in adhesion were found, relative to the DBT control. This exciting result 
indicates that antioxidants may be disrupting the curing of mussel adhesive. Changes to 
measured adhesion for 2.5% versus 25% DBT controls are likely from the additives 
altering properties of the host coating to a small degree. Material failure modes and 
quantities of adhesive produced do not vary in any prominent way from coating to 
coating (Table 2.8). The one exception is ethoxyquin, with an increased incidence of 
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adhesive failure (96%) versus the DBT control (63%), possibly a result of this coating 
being softer than the others (Table 2.1).5, 12 
 

















2.5% loading      
DBT (control) 32 193 46 ± 1 0.37 ± 0.02 84 ± 3 
anisole 16 109 50 ± 5 0.38 ± 0.02 86 ± 5 
BHT 16 119 45 ± 1 0.38 ± 0.02 88 ± 4 
DTBP 16 74 47 ± 1 0.41 ± 0.03 90 ± 6 
ethoxyquin  16 123 46 ± 2 0.37 ± 0.02 82 ± 3 
      
25%  loading      
DBT (control) 40 235 78 ± 12 0.48 ± 0.02 106 ± 4 
anisole 16 117 52 ± 2 0.38 ± 0.02 74 ± 4 
BHT 16 92 39 ± 2 0.34 ± 0.02 91 ± 8 
DTBP 16 129 47 ± 1 0.40 ± 0.02 83 ± 4 
ethoxyquin  16 89 85 ± 18 0.26 ± 0.08 58 ± 5 
Average adhesion was calculated by dividing the removal force by the plaque 










Table 2.8. Failure mode analysis of adhesives produced by mussels on 2.5% and 25% 
loaded coatings.  












2.5% loading       
DBT (control) 32 193 35% 29% 31% 5% 
anisole 16 109 64% 23% 11% 2% 
BHT 16 119 47% 19% 29% 5% 
DTBP 16 74 32% 26% 38% 4% 
ethoxyquin  16 123 90% 90% 4% 3% 
       
25%  loading       
DBT (control) 40 235 63% 23% 14% 0% 
anisole 16 117 32% 38% 30% 0% 
BHT 16 92 55% 33% 12% 0% 
DTBP 16 129 46% 42% 12% 0% 
ethoxyquin  16 89 96% 1% 3% 0% 
Average adhesion was calculated by dividing the removal force by the plaque area (Pa 
= N/m2)  
* Adhesive failure was when a plaque pulled off the coating intact.  
† Cohesive failure was when a plaque tore leaving behind some plaque on both the 
coating and thread.  
‡ Thread break was when the thread broke leaving a plaque in tact on the coating.  
§ Thread-plaque break was when the thread detached at the plaque interface leaving 






Figure 2.6. Average adhesion of mussels on surfaces containing antioxidants.  (a) With 
antioxidants loaded at 2.5% (weight/weight) of host coating, little influence upon 
adhesion was noted. All values were statistically similar to the DBT control according to 
analysis at 99% confidence levels (P <0.01). Error bars show 99% confidence intervals. 
(b) At a higher 25% (weight/weight) loading, antioxidants decreased mussel adhesion 
appreciably, relative to the DBT control. Asterisks (**) denote statistically significant 
differences from the DBT control for anisole, DTBP, and ethoxyquin (P <0.01).  Error 
bars here are also at 99% confidence intervals. 
 
2.3.5 Electrochemical Oxidation  
 In order to understand the origin of how antioxidants may decrease mussel 
adhesion, the electrochemical potentials at which each compound oxidizes was measured. 
Cyclic voltammetry was used to examine the redox chemistry of each additive in solution. 
Every compound studied here displayed a different potential. The DBT control was the 
most difficult to oxidize. Figure 2.7 provides a plot of these potentials in relation to 
mussel adhesion data for the 25% loading antifouling surfaces. There may be a 
correlation between decreased adhesion and an increased ability for a compound to yield 
an electron. In essence, these data indicate that oxidized precursors within the forming 
bioadhesive can be quenched by reducing equivalents, thereby decreasing overall 
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bonding. Mussel adhesion to this array of coatings, be it strong or weak, helps to confirm 
that oxidative chemistry is essential for the formation of this bioadhesive. 
 
 
Figure 2.7. Average adhesion of mussels versus peak potentials of antioxidants.  
Potentials of each compound were measured in solution. Adhesion error bars are shown 




2.4 Conclusion  
 When comparing mussel bonding on these various coatings, the most conspicuous 
change is decreased adhesion in the presence of high loadings of antioxidants. Effective 
antifouling coatings need not lower adhesion all the way to zero. Once a ship is underway, 
hydrodynamic forces around the hull can dislodge attached marine life. Antioxidants may 
not discourage initial settlement but could decrease adhesion to the point that shellfish 
become detached, once travel begins, yielding a foul release approach.34  
 Results presented here show that antioxidants can decrease the bonding strength 
of mussels to surfaces. Oxidative radical chemistry is an emerging theme in how marine 
organisms make their glues. By observing diminished bonding strengths in the presence 
of antioxidants, we gain further support for the proposed role of oxidation chemistry in 
the formation of these intriguing biological materials. Taking a mechanism-based 
approach to antifouling offers compelling opportunities to reduce shipping fuel burn and 
decrease contributions to climate change without filling our oceans with toxins. 
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CHAPTER 3. FORMULATION OF LOW MODULUS ANTIFOULING COATINGS 
3.1 Introduction 
 Although we have formulated a system to reduce marine bioadhesion with the 
addition of antioxidants, we have not yet developed an overall low fouling coating. 
Antioxidants placed in a commercially available primer generated coatings that reduced 
adhesive bonding relative to controls but mussels still deposited glue onto these surfaces. 
Perhaps a contributing factor to this is that the primer host coating feels hard and slightly 
rough allowing animals to stick more easily. When surfaces are rough and have pores, the 
protein adhesive may penetrate into the crevices, exhibiting mechanical interlocking and 
resulting in a glue that sticks.1,2 Combining our antioxidant approach with a lower surface 
energy coating may result in a smoother surface that can decrease adhesion and create an 
overall low fouling system.1,3 
 Silicone elastomers, particularly those of polydimethylsiloxane (PDMS), are 
known to decrease marine bioadhesion due to their low modulus and surface energy 
properties.4-9 Coatings made of PDMS have shown good foul release properties allowing 
for marine organisms to easily detach from the surface with sheer force.4-9 Many siloxane 
based coatings have been evaluated for their foul release properties including 
commercialized PDMS coatings, Silastic T2 (Dow Corning) and Dow Corning 3140. 
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 Several design criteria need to be considered and tested before gathering mussel 
adhesion data on a coating. A promising coating must be able to cover large ships, thus  
 be commercially available or easily synthesized. Due to scalability, these coatings should 
also be economical in cost. The antioxidant compounds studied should have high 
solubility within the coating with limited water solubility to avoid leaching. The final 
formulation with the addition of antioxidants should allow the coating to fully dry. Lastly, 
the final formulated coating must adhere strongly to metal substrates when kept 
underwater. The bond between the coating and substrate must be strong enough that 
when testing mussel adhesion the coating does not detach from the substrate.  
 We have added antioxidants to commercialized silicone elastomeric coatings to 
help reduce marine biological adhesion. Several host coating and antioxidant 
combinations were tested for antioxidant solubility, curing, and coating adhesion to 
substrates while underwater before any marine adhesion was tested.  
 
3.2 Experimental  
 
3.2.1 Coating to Substrate Adhesion 
 Commercialized host coatings were tested to determine whether they exhibit 
adhesion to aluminum substrates when kept in both air and submerged in seawater. 
Aluminum panels, 10 cm x 10 cm and 1.5 mm thick, were cleaned with soap, rinsed with 
water and acetone, and allowed to air dry. Coatings were applied with brush to panels and 
dried at room temperature overnight. A second set was prepared to test coating adhesion 
to aluminum while submerged underwater. A coating must not only adhere to a substrate 
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while under dry conditions, it must also stay adhered to the substrate while underwater. If 
a coating fails while submerged in water we cannot use it for mussel adhesion 
experiments. For underwater testing, panels were submerged in 2L of seawater for 2 
weeks and held at room temperature. Plates were then removed from seawater, dried with 
paper towels, and visually examined. Results are shown in Table 3.2. 
 
3.2.2 Solubility of Antioxidants into Silicone Host Coatings 
 Using a variety of antioxidants, with a wide range of reduction potentials, 
solubility was determined within commercially available silicone host coatings. The 
coatings that were investigated include: Dow Allguard, Dow Corning 3140, Sonneborn 
Silflex, Silshield SEC 2400, 222 StoSilco Lastic, Energy Maxx, and GacoRoof. 
Antioxidants were added to silicone host coatings at 25% by weight of antioxidant per 
dried weight of the coating (weight/weight). Results from testing solubility are shown in 
Table 3.1.  
 
3.2.3 Coating Preparation for Mussel Adhesion Experiments 
 Cleaned aluminum panels, 10 cm x 10 cm and 1.5 mm thick, were sealed with 
Amerlock marine epoxy covering all sides. A 1:1 volume ratio of Amerlock 2/400 white 
resin epoxy to Amerlock 400 cure epoxy was used to formulate the marine epoxy. Epoxy 
was applied using a brush to the top and all four sides of test panels. After complete 
drying at room temperature for 24 hours, an epoxy coat was applied to the bottom side of 
the aluminum panels and allowed to dry. A second coat of two-part Amerlock epoxy was 
applied to the top and sides of test panels provide a tie coat. Approximately 2 hours after 
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application, while the epoxy layer was still tacky, a layer of antioxidant (or DBT control) 
in the commercially available silicone coating, GacoRoof, was painted on using a brush. 
The antioxidants shown in Figure 3.1 were each added to the silicone coating at 25% 
(w/w). Panels were dried at room temperature for 24 hours. The bottom side of panels 
was coated with the epoxy tie coat and while still tacky a layer of antioxidant in the 
silicone host coating was applied and allowed to dry. To give the topcoat, a final layer of 
antioxidant in the silicone coating was applied to all sides and dried fully.  
 
 
Figure 3.1 A series of antioxidants and a control each dissolved into a silicone coating. 
 
 
3.2.4 Animal Handling  
 One blue mussel (Mytilus edulis) was placed on each coated test panel and held in 
place with a rubber band. Animals were contained in a 10 gallon saltwater aquarium with 
constant aeration in 4°C and 3.5 grams/100 mL salinity.  
 
3.2.5 Adhesion Data Collection  
 Animals were given three days to produce adhesive on coatings before adhesion 
force was measured. After three days, animals were removed from the panels by cutting 
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their threads at the shell, leaving behind the attached plaques and threads. Panels were 
photographed to determine the plaque area using digital image analysis.  
 Removal force was collected on an Instron 5544 testing system. Threads were 
pulled normal to the surface until failure. Adhesion of individual plaques was calculated 
by dividing the removal force by the area of each plaque.  
 
3.2.6 Open Water Field Testing 
 We have investigated how well our coatings deter biofouling while in open ocean 
waters. Samples were prepared in our laboratory and sent to collaborators at Florida 
Institute of Technology where fouling experiments were conducted. Gaining this 
information gives insight into how our coatings may work in natural ocean waters 
compared to our smaller scale laboratory environment.  
 
3.2.6.1 Coating Preparation  
 Four holes were drilled into the corners of 4 inch x 8 inch and 3.18 mm thick 
aluminum panels. Aluminum was cleaned with soap and rinsed with water and acetone. 
Panels were sealed with Amerlock marine epoxy and coated with 25% (w/w) antioxidant 
(or DBT control) in GacoRoof silicone host coating. See Section 3.2.3 for coating 
preparation and application. Note that coatings containing ethoxyquin and 4-
acetamidophenol did not have an epoxy tie coat. Four panels per antioxidant (or control) 
coating were sent for testing.  
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3.2.6.2 Field Data Collection  
 Data were collected by Emily Ralston and Geoffrey Swain from the 
Oceanography and Ocean Engineering Program at Florida Institute of Technology. 
Panels were exposed at the Florida Institute of Technology immersion site in the Indian 
River Lagoon at Port Canaveral. All panels were held approximately ½ meter below the 
surface and caged. Coated test panels were randomized and placed back to back on one 
frame with two replicates that faced North and two facing South. Tests were also done on 
panels coated with Intersleek 900 and BRA 640, two coatings that are current used to 
deter biofouling. Epoxy was used as a negative control.  
 Panels were removed from the site, photographs were taken, and visual 
assessment and water jet removal were conducted. Visual assessment records the physical 
condition of the coating, defined as the percentage of surface affected by film defects. 
Only organisms that were directly attached to the coating were recorded. To evaluate the 
adhesion strength of biofilms to the coated surfaces, a water jet testing method was used. 
A smaller (2 inch x 2 inch) representative area of biofilm is selected on each coating for 
testing. The water jet is applied to the test area at 40 psi until the maximum amount of 
fouling can be removed. The pressure is then increased by 20 psi until all fouling is 
removed (up to the maximum pressure of 240 psi). The degree of biofilm removal can be 
characterized as a) biofilms: the majority of the colored biofilms are removed, b) 
tenacious: the “tenacious” biofilms including diatoms are removed, c) clean: all visible 
biofilm is removed and the surface exhibits the original color and surface characteristics.  
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3.3 Results and Discussion  
 
3.3.1 Coating to Substrate Adhesion  
 Several silicone based coatings have been applied to aluminum panels. We have 
assessed how well each coating adheres to aluminum substrates when kept in both a dry 
and underwater environment. When held at room temperature all coatings adhered to the 
aluminum panel (Table 3.1). When submerged underwater, the aqueous based silicone 
coatings 222 StoSilco Lastic and Sonneborn Silflex peeled from the aluminum panel. The 
other five organic solvent based elastomeric coatings exhibited adhesion to the metal. 
GacoRoof exhibited the best properties as it was easily applied to large areas, smooth, 
hydrophobic, and had strong adhesion to aluminum substrates.  
 
Table 3.1 Adhesion of coatings to aluminum 
coating coating adhesion (dry) 
coating adhesion 
(underwater) 
222 StoSilco Lastic   
Sonneborn Silflex   
Dow Allguard   
Dow Corning 3140   
Silshield Sec 2400   
Energy Max    
GacoRoof    
denotes adhesion of coating to substrate 




3.3.2 Antioxidant Solubility 
 Solubility of antioxidants in silicone host coatings was determined. Antioxidants 
were stirred into the commercialized coating at 25% (weight/weight). Table 3.1 
summarizes the results. Antioxidants that exhibited complete solubility within a host 
coating is represented with “”, while those that were insoluble are denoted by “”.  
 DBT was soluble in all of the silicone coatings that were tested. Each coating was 
able to dissolve a wide range of antioxidants. Ultimately, the GacoRoof coating was 
chosen as our host because of its ability to dissolve a wide range of compounds. It also 
exhibited adhesion to aluminum while held underwater and was easy to apply to large 



























































































































































































































































































































































































































3.3.3 Mussel Adhesion  
 Each of the antioxidants and control shown in Figure 3.1 were dissolved into the 
commercially available GacoRoof silicone coating at 25% (weight/wight). Mussel 
adhesion was tested on these coatings. Typical results are shown in Figure 3.2. Adhesion 
strength dropped relative to an uncoated aluminum panel. There were no noticeable 
differences in adhesion strength between the DBT control and antioxidants. These 
adhesion values were approaching the lower limit of what we can measure with live 
animals therefore we could not be sure if there was a difference in adhesion strength with 
the addition of antioxidants. Consequently, larger panels of these coatings were prepared 
for open water field testing.  
 
 
Figure 3.2 Average mussel adhesion on 25% loading of antioxidant in GacoRoof coating. 
Error bars are standard deviation.  
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3.3.4 Open Water Field Testing at Florida Institute of Technology 
 All panels were exposed to open waters in the Indian River Lagoon at Port 
Canaveral on December 13, 2013. Panels were removed on January 13, 2014 yielding 31 
days of exposure. Photographs were taken of the two replicates facing North and South 
(Figure 3.3). According to photographs, all GacoRoof samples became fouled with not 
one coating having much more coverage than another. Intersleek 900 and BRA 640 show 
no growth of biofouling.  
 
Table 3.3 Coatings used during static immersion experiments with structure and 








 Visual assessment of all coatings was conducted. After 31 days of exposure, 
macrofouling was light and covered less than 20% on epoxy and less than 10% on all 
over coatings due to a seasonal low in fouling (Figure 3.4). 
 
 







 Biofilm adhesion measurements on all coatings were conducted using a water jet 
(Figure 3.5). All coated panels became clean from biofilm with the exception of two out 
of four replicates of 4-acetamidophenol. Intersleek 900 and 25% (w/w) ethoxyquin in 
GacoRoof required a minimal amount of pressure at an average of 40 psi for cleaning. 
Coatings of 4-acetamidophenol required the highest pressure of 210 psi for removal. All 
four replicates of ethoxyquin and Intersleek 900 became clean.  
 
 




 Panels were returned to the water for further testing. After 260 days of being in 
open waters, panels were removed from the site and assessed. Photographs were taken of 
the replicates facing North and South (Figure 3.6). Fouling was heavy on all coatings 






Figure 3.6 Photographs of panels taken at 260 days of open water exposure. 
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 Panels were also visually assessed and macrofouling coverage was determined.  
Coverage was similar on all coatings including the epoxy control. BRA 600 had 
significantly lower coverage (Figure 3.7).  
 
 







 Biofouling adhesion measurements were attempted on the experimental coatings. 
Although barnacles were removed from the coated surfaces, the coating exhibited 
cohesion failure, separating from the bottom epoxy layer, thus accurate animal adhesion 
data could not be obtained. This specific result is not surprising, as it has been previously 
shown that with the removal of barnacles from PDMS coatings, cohesive failure of the 
coating occurs.  
 
3.4 Conclusion 
 Mussel adhesion decreased on surfaces containing 25% antioxidants loaded into 
the silicone-based coating relative to a bare aluminum control. There were no noticeable 
differences in mussel adhesion among the 25% antioxidant coatings and the DBT non-
antioxidant control. We may have reached the lower limits of our adhesion assay, making 
it difficult to detect a difference in adhesion from coating to coating, which may explain 
these results. Consequently, larger panels were sent to Emily Ralston and Geoff Swain at 
the Florida Institute of Technology for open water field testing.  
 Panels were submerged in the ocean for several months. After 260 days of 
exposure coatings did not show any delamination under these harsh conditions. 
Macrofouling coverage of our experimental coatings was similar to Intersleek 900 but not 
as good as BRA 640. Attempts were made to measure biofouling adhesion but because 
barnacles cut into these soft coatings, accurate measurements could not be made. 
Ultimately, panels were removed at this time from field testing.   
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CHAPTER 4. SYNTHESIS AND PREPARATION OF SILICA XEROGELS AND 
SILYLATED SURFACES TO REDUCE MARINE FOULING 
4.1 Introduction 
 To develop an environmentally benign and inexpensive coating that may reduce 
adhesion strength of marine mussels we have looked towards the preparation of silica 
xerogels and silylated surfaces. These coatings are known to reduce surface energy 
resulting in reduced adhesion of fouling.1-3 The two approaches that we have investigated 
for preparing coatings includes xerogel processing and deposition of silane monolayers.  
 A variety of xerogel films have been previously investigated for their antifouling 
properties and have promising results showing the reduction of fouling settlement on 
coated surfaces.1-3 Formed by the sol-gel process, xerogels are crosslinked silica-based 
matrices. This polymerization provides a simple method to prepare silica-based films 
under ambient conditions. 
 The polymerization of alkoxysilanes (i.e. Si(OEt)4, Si(OMe)4) involves a 
hydrolysis step followed by a condensation reaction. Hydrolysis will occur when the 
silane is mixed with water in ethanol with the addition of a catalyst.4-8 Silanol (Si-OH) 
groups are produced followed by condensation to form a siloxane bond (Si-O-Si). During 
polymerization, the sol or solution undergoes a transition into a rigid mass known as the 
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gel. After the sol-gel transition, the solvent may be removed by evaporation, whereby the 
gel volume is reduced by almost 80%, leaving a material known as a xerogel.4-9  
 Sol-gel polymerization can be either acid or based catalyzed (Scheme 4.1). Under 
acidic conditions, hydrolysis is slower and silica will form linear molecules  
(Figure 4.1A).10 During gelation, these chains can become tangled to form additional 
branches. At higher pH, under basic conditions, hydrolysis is faster and highly branched 
silica clusters form that may act as independent species (Figure 4.1B). The solvent is then 
removed resulting a xerogel film.10  
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Scheme 4.1 Mechanism of sol-gel polymerization. The reaction is catalyzed with the 
addition of acid (top) and base (bottom). Figure adapted from reference 7. 
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Figure 4.1 Sol-gel process. (A) Representation of the sol-gel polymerization under acidic 
conditions and (B) basic conditions. Upon solvent evaporation a xerogel is formed. 







 Sol-gels can be easily applied to surfaces to form xerogel films. The surface 
properties, including wettability and pore size of the matrices, can be adjusted by 
changing the starting alkoxysilane and the catalyst.6-11 These microporous silica matrices 
have been previously investigated for their ability to encapsulate molecules.12-15 This 
particular property is intriguing, and we set out to trap antioxidants into the matrices of 
our xerogel films to help quench the oxidative chemistry that aids in the curing of mussel 
adhesive. Combining the tunable surface properties of xerogels with their ability to trap 
reductants may be beneficial in developing a surface that can reduce biofouling. 
 In addition to using the sol-gel process to prepare xerogel films, we have also 
deposited silanes in solution onto substrates to prepare a variety of silylated surfaces. 
This method of deposition is the most recommended and simplistic approach to 
functionalizing surfaces with siloxanes. 16, 17 
 Many commercially available silanes contain functionalized groups that may 
exhibit antioxidant properties. For example, using trialkoxysilanes with a methoxyphenyl 
bound to the silicon, being similar to the anisole antioxidant previously used in our 
primer system, we can test this coating versus a control for antifouling properties.  
 
4.2 Experimental  
 
4.2.1 Preparation of Silica Xerogel Films  
 Xerogels were formulated from combinations of the following alkoxysilanes:  
n-octyltriethoxysilane (C8-TEOS), tetraethoxysilane (TEOS), and tetramethoxysilane 
(TMOS- monomer and TMOS-oligomer, n=3). This experimental procedure was 
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modified from that of Tang et al.1 Solutions were prepared using a total of 0.0068 mol of 
silane. Amounts are given in mol% of silane containing starting material. All reactions 
were mixed in ethanol. Catalysts varied using hydrochloric acid (HCl), acetic acid 
(AcOH), and ammonium hydroxide (NH4OH) at different concentrations. Brief details of 
the reaction conditions are in Table 4.1.  
 
4.2.1.1 Sol Preparation 
 Several combinations of silanes were used to prepare a variety of sol-gels 
resulting in different xerogel films. For a typical polymerization of 50:50 mol% C8-
TEOS/TEOS, C8-TEOS (0.82 mL, 3.4 mmol) and TEOS, (0.66 mL, 3.4 mmol) were 
mixed with 1.57ml ethanol in a vial. Catalyst (0.1M HCl, 0.4 mL) was added slowly. 
Vials were capped and sols were stirred at room temperature for 2 hours.  
 
4.2.1.2 Xerogel Film Formation 
 Aluminum panels were cleaned with soap and rinsed with water, ethanol, and 
acetone and dried at room temperature. Plain glass slides (75 mm x 50 mm x 1 mm) were 
soaked in 1 M NaOH for 24 hours and rinsed with deionized water, ethanol, and dried 
under argon. The treated slides were used within one day of cleaning. The sol solution 
was evenly applied onto the substrate using a brush and dried under ambient conditions 
for 24 hours.   
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4.2.1.3 Curing and Coating Adhesion  
 After drying, xerogel films were visually assessed for defects, cracking, and 
flaking. Results are in Table 4.2.  
 
4.2.1.4 Sol Reactivity  
 We developed an Fe3+ based colorimetric assay to systematically determine which 
formulations could maintain the antioxidant integrity and functionality once added to the 
semi-reactive xerogel systems. Ferrocene was added to each reaction, as it undergoes a 
visible color change (yellow to green/blue) upon the loss of 1 electron (Fe2+/Fe3+). 
Results from this are located in Figure 4.4.  
 
4.2.1.5 Addition of Antioxidants 
 A variety of antioxidants, shown in Figure 4.2, were added to the sol solutions of 
reaction #20 (conditions located in Table 4.1) at 0.5 mmols/1 ml sol. Sols were painted 
onto cleaned aluminum and glass panels, dried under ambient conditions and assessed for 
cracking both in air and while submerged underwater in 2L of seawater for 2 weeks 




Figure 4.2 A series of compounds and a control each dissolved into the formulated sol. 
Upon drying antioxidant containing xerogel films were produced. 
 
4.2.1.6 Preparation of Xerogel Film: 50/50 C8-TEOS/TEOS 
 Xerogel films were prepared using conditions in Table 4.1 for reaction #20. DBT, 
DTBP, and phenol were added at 0.5 mmols/1 ml sol and stirred until dissolved. 
Solutions with antioxidants were applied to glass substrates using a brush. Coatings were 
dried at room temperature.  
 
4.2.1.7 Animal Handling  
 Two 75 mm x 50 mm coated glass slides were adhered to a larger 10 cm x 10 cm 
aluminum panel using double sided tape. One blue mussel (Mytilus edulis) was placed on 
each substrate and held in place with a rubber band. Four mussels per coating were 
contained in a 10 gallon aquarium with growth conditions of 4 °C, 3.5 grams/100 mL 
salinity, and constant aeration.  
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4.2.2 Deposition of Silanes for Preparing Silylated Surfaces  
 The silanes 3-(methoxy)propyl-trimethoxysilane (control compound) and  
4-methoxyphenyltrimethoxysilane were used to prepare silylated surfaces (Figure 4.3). 
Mussel adhesion was tested on these coatings.  
 
 
Figure 4.3 Alkylsilanes deposited onto surfaces 
 
4.2.2.1 Substrate Preparation for Silane Deposition  
 The procedure used for cleaning was modified from Silberzan et al.18 Glass slides 
(75 mm x 50 mm x 1 mm) were cleaned in a 1:1 methanol : hydrochloric acid 
(concentrated) bath for 30 minutes. Slides were removed, rinsed with DI water, and dried 
under argon. Substrates were transferred to a concentrated sulfuric acid bath and heated at 
37°C for 30 minutes. Cleaned slides were rinsed with DI water and dried under argon. 
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4.2.2.2 Silane Deposition from Alcohol Solution 
 The method used for silane deposition was modified from the procedure by Gelest, 
Inc.19 A solution of 95% ethanol and 5% water was prepared in a Petri dish and pH was 
adjusted to 5.0 with acetic acid. The silane was added at 2% (volume/volume) 
concentration and slowly shaken for 5 minutes. One glass slide was added to the solution 
at a time and shaken for 1 minute and 30 seconds. The slide was removed, rinsed briefly 
with ethanol, and placed on Kimwipes to cure at room temperature for 24 hours. 
 
4.2.2.3 Animal Handling  
 Two 75 mm x 50 mm x 1 mm coated glass slides were adhered to a larger 10 cm 
x 10 cm aluminum panel using double sided tape. Two blue mussel (Mytilus edulis) were 
placed on each substrate, back to back, and held in place with a rubber band. Eight 
mussels per coating were contained in a 10 gallon aquarium with growth conditions of 
4 °C, 3.5 grams/100 mL salinity, and constant aeration.  
 
4.2.3 Adhesion Data Collection  
 Adhesion testing was carried out three days after placement of the mussels and 
panels into aquaria. Animals were removed from the panels by cutting their threads at the 
shell, leaving behind the attached plaques and threads. Panels were photographed to 
determine the plaque area using digital image analysis.  
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 Removal force was collected on an Instron 5544 testing system. Threads were 
pulled normal to the surface until failure. Adhesion of individual plaques was calculated 
by dividing the removal force by the area of each plaque.  
 
4.3 Results and Discussion  
 
4.3.1 Sol-Gel Reaction Conditions  
 The following alkoxysilanes were used at different concentrations to formulate a 
variety of xerogel films: n-octyltriethoxysilane (C8-TEOS), tetraethoxysilane (TEOS), 
and tetramethoxysilane (TMOS- monomer and TMOS-oligomer, n=3). Changing the 
catalyst (HCl, AcOH, and NH4OH) and catalyst concentration were also investigated. 
Solutions were prepared using a total of 0.0068 mol of silane and details are given in   
mol% of silane containing starting material. Table 4.1 provides details of the sol-gel 
reactions that were done to prepare the xerogel films. The conditions in reaction #20 are 
highlighted in red as they met most of the coating demands (xerogel film curing, coating 
adhesion, and sol reactivity) and mussel adhesion measurements were performed on these 
films.   
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Table 4.1 Sol-gel conditions of reactions #1-43.  
  Silane - mol % 
Reaction # 
Catalyst 









1 HCl 1 50 50 0 0 
2 HCl 0.01 50 50 0 0 
3 AcOH 0.1 50 50 0 0 
4 AcOH 0.01 50 50 0 0 
5 NH4OH 0.01 50 50 0 0 
6 HCl 1 66 33 0 0 
7 HCl 0.1 66 33 0 0 
8 HCl 0.01 66 33 0 0 
9 AcOH 1 66 33 0 0 
10 AcOH 0.1 66 33 0 0 
11 AcOH 0.01 66 33 0 0 
12 HCl 1 75 25 0 0 
13 HCl 0.1 75 25 0 0 
14 HCl 0.01 75 25 0 0 
15 AcOH 1 75 25 0 0 
16 AcOH 0.1 75 25 0 0 
17 AcOH 0.01 75 25 0 0 
18 HCl 1 0 50 50 0 
19 HCl 0.1 0 50 50 0 
20 HCl 0.01 0 50 50 0 
21 AcOH 0.1 0 50 50 0 
22 AcOH 0.01 0 50 50 0 
23 HCl 1 0 33 66 0 
24 HCl 0.1 0 33 66 0 
25 HCl 0.01 0 33 66 0 
26 HCl 1 0 25 75 0 
27 HCl 0.1 0 25 75 0 
28 HCl 0.01 0 25 75 0 
29 HCl 1 0 50 0 50 
30 HCl 0.1 0 50 0 50 
31 HCl 0.01 0 50 0 50 
32 HCl 1 0 33 0 66 
33 HCl 0.1 0 33 0 66 
34 HCl 0.01 0 33 0 66 
35 HCl 1 0 25 0 75 
36 HCl 0.1 0 25 0 75 
37 HCl 0.01 0 25 0 75 
38 HCl 1 0 66 0 33 
39 HCl 0.1 0 66 0 33 
40 HCl 0.01 0 66 0 33 
41 HCl 1 0 75 0 25 
42 HCl 0.1 0 75 0 25 
43 HCl 0.01 0 75 0 25 
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4.3.2 Xerogel Film Adhesion to Substrates 
 Sol-gels were applied to aluminum and glass substrates and the resulting xerogel 
films were assessed for any defects, including flaking. It is also important to note how 
well films adhere to substrates before mussel adhesion testing, therefore a spatula was 
used to gently scrape at the coated surface as well.  Table 4.2 contains the results from 
this test. Reaction numbers correspond to conditions in Table 4.1.  
 If coatings exhibited at least one of the following: flaking, could easily be 
removed with scraping, and remained a solid at room temperature thus never drying we 
concluded that the film was not robust enough for our application. If coatings exhibited 
no defects, dried as a thin solid film, and could not be easily removed with scraping, 
these films showed promising properties to continue further tests. Results of suitable, 
robust coatings for our application are represented with “” and those that are unsuitable 
are denoted by “” in Table 4.2.  
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Table 4.2 Assessment of robust xerogel films on aluminum and glass at room temperature.   












































Denotes curing, indicates not cured 
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4.3.3 Sol Reactivity 
 To determine which sol formulations could maintain the functionality of the 
added antioxidants we developed a colorimetric assay using ferrocene. Ferrocene was 
added to each sol reaction #5 - 43. Ferrocene, being in the Fe2+, begins yellow. Upon 
oxidation to the Fe3+ state, the solution undergoes a color change from yellow to green. 
With the addition of ferrocene to each reaction, we were able to report color changes that 
may indicate that the sol was too reactive for the addition of antioxidants (rendering them 
inactive). Figure 4.4 shows reactions #5 - 43 with the addition of ferrocene. The solutions 
that stayed yellow were considered suitable to continue our study while those that 
changed color we no longer considered. Note that reactions #1-4 did not undergo this 
colorimetric assay because these formulations were not yielding promising results of a 





Figure 4.4 Sol-gel reactions with addition of ferrocene. Numbers on vials correspond to 
reaction conditions in Table 4.1. As ferrocene undergoes 1 electron oxidation (Fe2+/Fe3+) 











4.3.4 Xerogel Containing Antioxidants and Adhesion to Substrates 
 A series of antioxidants (Figure 4.2) and a control were added to the sol solution 
of reaction #20 and dried at room temperature. Films were assessed for any surface 
defects including cracking or flaking in air and while submerged in 2 L of seawater for 2 
weeks. A similar examination was done on films as previously described for xerogel 
films alone (no addition of antioxidant). The robustness of xerogels containing 
antioxidants in air and seawater are reported in Table 4.3. If coatings were not robust 
enough, they are represented with “” while those that were suitable are denoted by “”. 
The DBT control did not hold up on aluminum but did adhere well to glass while in air 
and underwater. From these results, we can conclude that the only antioxidants that can 
be added to the C8-TEOS/TEOS xerogel (Reaction #20) and provide a robust coating 
while underwater on glass is DBT, DTBP, and phenol.  
 
Table 4.3 Robustness of xerogel films containing antioxidants   
 ambient conditions underwater 
antioxidant 
(0.5 mmol/mL sol) 
aluminum glass aluminum glass 
DBT (control)     
DTBP    
4-methoxyphenol  /   
phenol    
4-acetamidophenol /  /   
4-tert-butylcatechol  /   
4-methylcatechol    
3,5-di-tert-
butylcatechol 
/  /   
Adhesion to substrate 
Poor adhesion to substrate  
/ adhesion to substrate with precipitation of antioxidant 
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4.3.5 Mussel Adhesion on Xerogels 
 We have added DBT (control), DTBP, and phenol to C8-TEOS/TEOS sol 
solution (Reaction #20) at 0.5 mmol antioxidant/1 ml sol. The coatings were applied to 
cleaned glass and an uncoated aluminum panel was used as an addition control. Adhesion 
strength on xerogel coatings dropped relative to uncoated glass substrate (Figure 4.5). 
There were no noticeable differences in adhesion strength between the DBT control and 
the antioxidants (DTBP and phenol). It is important to note that although adhesion was 
not affected with the addition of antioxidants, the host xerogel coatings did reduce 
adhesion relative to piece of glass. Results suggest that the concentration of antioxidants 
may be too low or compounds may be trapped within the xerogel matrix therefore leaving 
the adhesion strength unaffected. Consequently, we focused our efforts on purchasing 
silanes bearing an antioxidant functional group that could be easily applied to substrates 
in higher concentrations in an attempt to see a reduction in mussel adhesion. 
 
 
Figure 4.5 Average mussel adhesion on C8-TEOS/TEOS xerogel film containing  
antioxidants.   
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4.3.6 Mussel Adhesion on Silylated Surfaces 
 The commercially available silanes 3-(methoxy)propyl-trimethoxysilane and  
4-methoxyphenyltrimethoxysilane were deposited onto glass substrates to prepare 
silylated surfaces. Mussel adhesion was tested on these surfaces with an uncoated glass 
slide and 3-(methoxy)propyl-trimethoxysilane as controls.  
 4-methoxyphenyltrimethoxysilane should have antioxidant properties thus reduce 
mussel adhesion relative to controls. The methoxyphenyl functional group is similar in 
structure to anisole, an antioxidant that was used in our previous developed primer 
coating system, therefore we should see a difference in adhesion strength between these 
surfaces and those of inactive compounds 3-(methoxy)propyltrimethoxysilane. Although 
adhesion strength decreased relative to an uncoated glass substrate, strengths on  
4-methoxyphenyltrimethoxysilane surfaces showed no noticeable differences from that 
on 3-(methoxy)propyltrimethoxysilane (control) surfaces (Figure 4.6).  
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 Mussel adhesion decreased on xerogel films containing antioxidants relative to 
aluminum controls. A change in adhesion was not observed between the different 
xerogels containing antioxidants relative to the DBT control. Results suggest that the 
concentration of antioxidants may not be high enough or that compounds are trapped 
within the xerogel matrix to have an effect on mussel adhesion strength.  
 On the silylated surface containing 4-methylphenyl groups bound to the silicon, 
mussel adhesion was similar to that of the control compound containing 
3(methoxy)propyl groups. Relative to uncoated glass, adhesion strength decreased upon 
the deposition of silanes. The silylated surfaces may not have enough active antioxidant 
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groups populating the area to quench the oxidative chemistry within the glue, thus 
reducing mussel adhesion. Consequently, these coatings were no longer investigated as 
antifouling coatings.    
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CHAPTER 5. SUM FREQUENCY GENERATION VIBRATIONAL 
SPECTROSCOPIC STUDIES ON BURIED HETEROGENEOUS 
BIOINTERFACES 
5.1 Introduction 
 Sum frequency generation (SFG) vibrational spectroscopy is a surface-sensitive 
nonlinear optical technique that has been widely used in studying polymers and 
biomolecules.1-3  SFG can provide in situ molecular-level structural information on a 
buried interface that is accessible by laser beams. This type of buried interface is usually 
difficult to probe using other analytical methods.2  Polarized SFG spectra can be used to 
derive molecular orientation information of various functional groups such as methyl, 
methylene, and phenyl groups, as well as protein secondary structures at various 
interfaces4-7 SFG can also be used to study time-dependent interfacial behaviors of 
various molecules.8 These advantages make SFG spectroscopy unique in material science 
and biological studies.6 
 The majority of SFG experiments have been performed on homogeneous samples. 
The focused input laser beam size on a sample is usually 500  μm×500  μm with no  
 
This chapter was adapted from a paper written with Chi Zhang, Joshua Jasensky, Chuan 
Leng, Gary D. Smith, Jonathan Wilker, and Zhan Chen. “Reprinted with permission from 
Optics Letters, 39, 9, 2715-2718 (2014). Copyright 2014 Optical Society of America”
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beam tracking capability. SFG signals from the entire focal spot are collected and 
summed to generate a spectrum. It is difficult to apply these conventional systems to 
study heterogeneous biological samples with different features smaller than the above 
laser beam size at different locations. A few conventional SFG studies have been 
performed on real biological samples, including cells. In these studies, a separate optical 
microscopic technique was used with SFG spectroscopy to characterize the sample 
morphology.9-11 This method cannot be used to track desired sample locations and cannot 
rule out possible errors caused by different experimental conditions or sample locations 
with separate techniques. 
 SFG imaging, which can obtain important surface structural information with 
good spatial resolution, has been developed using picosecond or femtosecond lasers with 
high12-14 or low repetition rates15-19. However, the use of traditional SFG imaging found 
difficulties and limitations in buried interfacial studies. For example, most SFG imaging 
systems use transmission geometry. Therefore, the input laser beams may need to pass 
through multiple layers to reach the sample/substrate interface for study. All the layer 
interfaces in the beam path may generate SFG signals, thereby complicating spectral 
analysis and making it difficult or impossible to distinguish signals generated only from 
the buried sample/substrate interface. The geometry used in most SFG imaging systems 
also limits the detection of weak signals generated at buried interfaces by biological 
samples. Furthermore, if the input laser beams are perpendicular to the sample interface, 
the capability of using different polarizations to derive molecular orientations from 
polarized SFG spectra is lost. 
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 SFG performed in a total-internal reflection (TIR) configuration (TIR-SFG) 
utilizes the evanescent wave from the TIR beam to examine interfacial molecular 
structures.15,20,21 This type of geometry ensures that SFG spectra are collected primarily 
from the sample/substrate interface. Another advantage is the capability of detecting 
weak SFG interfacial signals generated from biological samples with low input laser 
powers due to the large input angle and the total signal reflection.22,23 However, in most 
of the previous TIR-SFG studies, model biological systems and homogeneous surfaces 
were investigated. Real biological samples are usually heterogeneous and may generate 
only very weak SFG signals at buried interfaces. These problems prevent the extension of 
SFG spectroscopy to studying buried heterogeneous biointerfaces. 
 We have demonstrated a unique way to combine laser beam tracking capability 
with a TIR-SFG configuration for the study of buried heterogeneous biointerfaces. An 
optical microscope was constructed and used with a commercial SFG spectrometer 
(EKSPLA) working in TIR geometry to examine these biointerfaces. We show the 
feasibility of using our system for single cell/substrate and underwater marine 
tissue/substrate interfacial studies, providing interfacial structural information of 




5.2.1 Instrument Configuration 
 Figure 5.1 shows a schematic of our system configuration. Details of the 
commercial SFG spectrometer used in this experiment have been previously reported.24 
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We used an “inverted” TIR-SFG geometry (the input beams enter the interface from 
underneath) which ensured the contact of biological samples (such as cells) with the 
substrate for TIR study. The visible and IR input beams were focused using 
two CaF2 lenses, both with 100 mm focal lengths. A right angle prism substrate was used 
to support the samples, as well as guide the input beams to the specimens. The large 
incident angle of the visible beam guaranteed visible and signal TIR at air/substrate and 
water/substrate interfaces. The visible beam at the sample plane could be focused down 
to about 20  μm×70  μm. The beam size can be varied by changing the focusing lens 
positions in x-direction. Theoretically, the visible beam width was stretched 3.5 times in 
the x-direction (due to an incident angle of 73.6° at substrate/sample interface), and the 
beam spot had an elliptical shape. An optical microscope sitting above the prism allowed 
for visual monitoring of the sample and laser spot in real time. A telescope system above 
the microscope objective was used to expand the light view to fill a complementary 
metal–oxide–semiconductor (CMOS) camera used for collecting real-time bright-field 
(BF) images. The three-dimensional translation stage on the microscope was used to find 
the microscope focal plane and the visible laser spot. Then the stage on the prism holder 
was used for finding the desired sample feature for study and overlapping it with the 
visible beam spot. A collimated white light source illuminated the microscope field of 
view from the side. The entire system resided on a movable breadboard and could be 
transitioned conveniently for fast installation. All of the SFG spectra in this study were 
collected using a polarization combination of s-polarized signal, s-polarized visible, and 
p-polarized IR, although other polarization combinations also can be used.6 The system 
still has the capability of deriving molecular orientations based on polarized SFG spectra. 
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Figure 5.1 Schematic of the beam tracking TIR-SFG platform. The SFG spectrometer is 
not shown in the figure  
 
 
5.2.2 Laser-Induced Polymer Film Photodamage  
 Before applying this system to study biological samples, we first demonstrate the 
monitoring of laser-induced polymer film photodamage to illustrate the advantage of 
real-time laser beam tracking in an SFG experiment for valid spectral measurements. A 
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poly(methyl methacrylate) (PMMA) (Mw≈75,000) thin film was deposited onto a fused 
silica substrate by spin coating a 1 wt. % PMMA in toluene solution. Surface images of 
the PMMA film were taken with a microscope objective working in air (Olympus PLN 
40X). SFG spectra were collected from the PMMA surface with different visible beam 
pulse energies, while the laser irradiation spot was monitored using optical microscopy in 
real time. With 10 or 20 μJ visible beam pulse energy, no damage to the sample surface 
was observed (not shown). However, with 30 μJ visible pulse energy, the PMMA surface 
showed noticeable damage during SFG signal collection. The strong scattering of the 
laser beam on the surface shown in Figure 5.2B) is due to this surface photodamage. The 
photodamaged area can be identified using the optical microscope but not by the naked 
eye, as shown in Figure 5.2C). The SFG spectrum collected with 10 or 20 μJ visible 
beam energy in Figure 5.2A) had a peak at 2955  cm−1, which can be assigned to the 
symmetric stretching of the PMMA methyl ester group. The peak intensity increased 
linearly as a function of the input laser energy with similar peak widths. However, the 
SFG spectrum collected with 30 μJ input visible pulse energy showed a much wider peak 
with slightly decreased vibrational strength, as compared to the 20 μJ case. Surface 
damage tends to randomize the methyl ester group orientation on the surface. The 
damage resulted in less ordered surface methyl ester groups with a broader orientation 
distribution; consequently a wider peak with a weaker intensity was observed. This 
application demonstrates the importance of tracking laser beams in real time during an 
SFG experiment, which can effectively avoid experimental errors caused by sample 




Figure 5.2 Laser-induced polymer film photodamage. (A) SFG spectra of PMMA surface 
in air using 10, 20, and 30 μJ (bottom to top) incident visible pulse energies. The spectra 
(lines) were fit using the method shown in reference 6. (B) Bright-field image of the 
PMMA surface when the SFG spectrum was being collected with 30 μJ incident visible 
beam pulse energy. The strong scattering indicates the surface photodamaged. (C) Bright-
field image of the same sample location collected using a white light surface without the 
input lasers after the SFG signal collection  
 
 
5.3 Results and Discussion 
 
5.3.1 Buried Interfaces  
 The buried interface between a cell and a solid surface is an important 
biotic/abiotic boundary, the knowledge of which may impact areas such as cell biology, 
biomedical devices, and biofouling. Molecular level studies of cell/solid substrate 
interfaces may bring about an understanding of interacting mechanisms between cells and 
substrates, which play crucial roles in cell adhesion, cell culturing, and biocompatibility. 
Currently, extensive research has not been performed on these buried interfaces at the 
molecular level due to the lack of appropriate techniques. We have demonstrated the 
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feasibility and uniqueness of our system in these studies by examining the buried 
interface between a single live cell and a solid substrate. 
 
5.3.1.1 Germinal Vesicle Intact Oocytes 
 Meiotically incompetent germinal vesicle intact (GVI) oocytes were collected 
from female CF-1 mice (Harlan) at days 11–13 by the manual rupturing of pre-antral 
follicles. Procedures used for oocyte culture were similar to those of previous reports 
[25]. No anchor coating agent was used, and the cell was attached to the silica prism by 
gravity and self-adhesion. In order to avoid strong perturbation of the cell, the visible 
input beam used for this SFG study was <2  μJ. Figure 5.3A shows a BF image detected 
when the SFG input lasers did not irradiate the mouse oocyte. The image was taken with 
a water immersion microscope objective (Olympus UMPLFLN 20XW). The SFG 
spectrum collected from this area (the circled area in Figure 5.3A) is shown in  
Figure 5.3C (top), which exhibits a broad water O─H band from 2800 to 3300  cm−1 
(from strongly bonded, or “tetrahedrally coordinated” interfacial water molecules26) as 
well as some C─H signals between 2900 and 3000  cm−1. When the sample was moved 
so that the oocyte overlapped the laser spot (Figure 5.3B), the SFG signal (Figure 5.3C 
bottom spectrum) showed that the water signal was slightly increased and there was no 
significant C─H contribution that interfered with the O─H signal. These spectral 
differences indicate that, at the cell/substrate and the buffer/substrate interfacial areas, the 
molecular structures are different. At the “blank” buffer/substrate interface, C─H signals 
were detected, contributed by the ordered proteins (mostly bovine serum albumin used in 
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the oocyte preparation) adsorbed at the interface. The oocyte zona pellucida (ZP, a 
glycoprotein layer outside of oocyte lipid membrane) can randomize this adsorbed 
protein layer, resulting in no C─H SFG signals from the cell/substrate interfacial area. 
The SFG water O─H signal from the same interfacial area slightly increased (from 
spectra fitting), showing the increase in interface-bonded water molecules in this area. 
This O─H signal increase is likely induced by the glycoprotein in the ZP zone, which has 
abundant hydroxyl groups (facilitating water hydrogen bonding). We believe that this is 
the first time that a single live cell-induced buried interfacial structural change was 
observed by SFG spectroscopy. This application also shows the feasibility of examining 
buried heterogeneous biointerfaces with our SFG system. 
 
 
       
Figure 5.3 Bright field and SFG spectra of oocyte samples. (A) Bright-field image of the 
visible beam focused on the buffer/substrate interface. (B) Bright-field image of the 
visible beam focused on a mouse oocyte/substrate interface. (C) SFG spectra taken on 
locations shown in A (top) and B (bottom). Dots are experimental collected data and lines 
are the fitted results.  
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5.3.1.2 Marine Mussel Adhesive 
 We further applied this system to study the interfacial structure of marine mussel 
adhesive attached to a solid surface in water. Mussels can strongly adhere to underwater 
surfaces using plaques which contain adhesive proteins. Studying the interfacial structure 
between a mussel plaque and a solid substrate can help to understand the origins of 
marine biofouling and to develop better synthetic glues for various applications.27 In this 
Letter, we studied and compared the interfacial regions between mussel 
adhesive/substrate and water/substrate interfaces, shown in Figure 5.4A. The mussel 
adhesive plaques were deposited onto a CaF2 prism by live mussels. The prism had 
adhesive plaques only in certain regions; thus the sample was heterogeneous. Figure 5.4B 
shows a BF image with the SFG input laser irradiating in the mussel plaque area. The 
SFG spectra were collected in the C═O and C─H/O─H stretching frequency range, 
respectively. The strong signal centered at 1660  cm−1 (Figure 5.4D) may have resulted 
from the protein amide I bond stretching and the cross-linked dihydroxyphenylalaine 
(DOPA) quinone at the interfacial area. In Figure 5.4E weak C─H and 
strong N─H signals can be detected at 2880  cm−1 and 3300  cm−1 which were also 
attributed to interfacial proteins. These results indicate that proteins at the 
mussel adhesive/CaF2 substrate interfacial area were strongly ordered. When the input 
laser irradiation area moved to a “blank” region to examine the water/substrate interface, 
shown in Figure 5.3C a strong O─H signal from strongly interfacial bonded water and a 
weak C─H signal were detected (Figure 5.4F). However, this water SFG signal was not 
clearly resolved in the mussel plaque region (Figure 5.4E). The SFG spectrum collected 
from a similar sample interface in D2O exhibited similar features as that displayed in 
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Figure 5.4E. Consequently, we conclude that the ordered water molecules are likely to be 
significantly removed between the mussel plaque and the CaF2 substrate. Mussel proteins 
tend to attach to the substrate without an ordered water layer in between, which is 
different from the interface between the substrate and the live oocyte discussed above. 
This application shows the feasibility of extending SFG spectroscopy to examine the 
buried biointerface formed by thick underwater tissue and the substrate. 
 
 
        
Figure 5.4 Bright field and SFG spectra of mussel plaque samples. (A) Schematic of the 
SFG experiment at a mussel plaque/CaF2 interface and a water/CaF2 interface. (B) 
Bright-field image of a position within the mussel plaque demonstrated in A. (C) Bright-
field image of a position in a “blank” water/CaF2 area, demonstrated in A. (D) SFG 
spectrum in the C=O range collected in position 1. (E) SFG spectrum in the C-H/O-H 
range collected in position 1. (F) SFG spectrum in the 
C—H/O—H range collected in position 2.  
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5.4 Conclusion  
 In conclusion, we have shown that SFG vibrational spectroscopy performed in an 
“inverted” TIR geometry and combined with a compact optical microscopy system 
allowed for the study of buried heterogeneous biological interfaces. The optical 
microscope can locate a specific sample region in real time for SFG analysis. The TIR 
geometry ensures that the SFG signal is generated predominantly from the buried 
sample/substrate interfacial area and is sensitive to biointerfaces that generate weak SFG 
signals. We detected the interfacial molecular structural changes induced by a single 
mouse oocyte on a silica substrate. The system was also applied to investigate the buried 
mussel adhesive plaque/solid substrate interface, showing that the mussel adhesive 
plaque tends to remove the ordered interfacial bonded water molecules. This Letter helps 
to extend SFG spectroscopy to study real biological interfacial systems. This research 
also illustrates the feasibility of combining SFG spectroscopy with other microscopic 
techniques, including TIR-fluorescence microscopy or nonlinear optical imaging to 
achieve multimodal analytical systems. The integration of diverse analytical techniques 
for studying samples in the same environment simultaneously can avoid potential errors 
caused by sample variations, time-dependent changes, and environmental differences. 
93 
5.5 References  
1.  Shen, Y.R. Nature 337, 519 (1989). 
 
2. Chen, Z., Shen, Y.R., & Somorjai, G.A. Annu. Rev. Phys. Chem. 53, 437  (2002). 
 
3. Lambert, A.G., Davies, P.B., & Neivandt, D.J. Appl. Spectrosc. Rev. 40, 103 
 (2005). 
 
4. Gautam, K.S., Schwab, A.D., Dhinojwala, A., Zhang D., Dougal, S.M., & 
 Yeganeh, M.S. Phys. Rev. Lett. 85, 3854 (2000). 
 
5. Jena, K.C., Hung, K. K., Schwantje, T.R., & Hore, D.K. J. Chem. Phys. 135, 
 044704 (2011). 
 
6. Zhang, C., Myers, J.N., & Chen, Z. Soft Matter 9, 4738 (2013). 
 
7. Roeters, S., van Dijk, C., Torres-Knoop, A., Backus, E., Campen, R., Bonn, M., 
 & Woutersen, S. J. Phys. Chem. A 117, 6311 (2013).  
 
8. Liu, J., & Conboy, J.C. J. Am. Chem. Soc. 126, 8376 (2004). 
 
9. Howell, C., Diesner, M.O., Grunze, M., & Koelsch, P. Langmuir 24, 13819 
 (2008).  
 
10. Diesner, M.O., Howell, C., Kurz, V., Verreault, D., & Koelsch, P. J. Phys. Chem. 
 Lett. 1, 2339 (2010). 
 
11. Bulard, E., Guo, Z., Zheng, W., Dubost, H., Fontaine-Aupart, M.P., Bellon-
 Fontaine, M.N., Herry, J.M., Briandet, R., & Bourguignon, B. Langmuir 27, 4928 
 (2011). 
 
12. Inoue, K., Fujii, M., & Sakai, M. Appl. Spectrosc. 64, 275 (2010). 
 
13. Kogure, S., Inoue, K., Ohmori, T., Ishihara, M., Kikuchi, M., Fujii, M., &  
 Sakai, M. Opt. Express 18, 13402 (2010). 
 
14. Raghunathan, V., Han, Y., Korth, O., Ge, N.H., & Potma, E.O. Opt. Lett. 36, 
 3891 (2011). 
 
15. Flörsheimer, M., Brillert, C., & Fuchs, H. Langmuir 15, 5437 (1999).  
 
16. Hoffmann,D., Kuhnke, K., & Kern, K. Rev. Sci. Instrum. 73, 3221 (2002). 
 
17. Cimatu, K., & Baldelli, S. J. Phys. Chem. B 110, 1807 (2006).  
94 
18. Hieu, H.C., Tuan, N.A., Li, H., Miyauchi, Y., & Mizutani, G. Appl. Spectrosc. 
 65, 1254 (2011). 
 
19. Smith, K.A., & Conboy, J.C. Anal. Chem. 84, 8122 (2012). 
 
20. Yeganeh, M.S., Dougal, S.M., & Silbernagel, B.G. Langmuir 22, 637 (2006). 
 
21. Liu, Y., & Messmer, M.C. J. Phys. Chem. B 107, 9774 (2003). 
 
22. Wang, J., Chen, X.Y., Clarke, M.L., & Chen, Z. Proc. Natl. Acad. Sci. USA 102, 
 4978 (2005). 
 
23. Nguyen, K.T., Le Clair, S.V., Ye, S., & Chen, Z. J. Phys. Chem. B 113, 12169 
 (2009). 
 
24. Zhang, C., Wang, J., Khmaladze, A., Liu, Y., Ding, B., Jasensky, J., & Chen, Z. 
 Opt. Lett. 36, 2272 (2011). 
 
25. Acevedo, N., Ding, J., & Smith, G. D. Biol. Reprod. 77, 872 (2007). 
 
26. Ye, S., Nihonyanagi, S., & Uosaki, K. Phys. Chem. Chem. Phys. 3, 3463 (2001). 
 
27. Silverman, H. G., & Roberto, F. F. Mar. Biotechnol. 9, 661 (2007). 
 
95 
CHAPTER 6. MARINE MUSSEL ADHESION ON A VARIETY OF SUFACES 
INCLUDING NONFOULING POLYMER BRUSHES 
6.1 Introduction 
 Zwitterionic polymers1 and poly(ethylene glycol) (PEG)2 have shown to exhibit 
nonfouling properties and have been investigated for their application as marine coatings. 
These polymers are known to have strong surface hydration, which contribute to their 
nonfouling properties. At the PEG surface water can hydrogen bond to the ether oxygen 
atoms within the polymer chain, while hydration at the zwitterionic polymer surface may 
occur via electrostatic-induced hydrogen bonding.3,4,5 It is hypothesized that the tightly 
bound surface water molecules act as a barrier, thus preventing organisms from 
depositing their adhesive directly onto the coating, resulting in a nonfouling surface.  
 To further understand these materials and investigate the role of surface hydration 
on fouling, we have probed the interface between mussel adhesive and these nonfouling 
surfaces using sum frequency (SFG) vibrational spectroscopy. SFG is an in situ 
vibrational spectroscopic technique that allows for the investigation of buried interfaces 
by providing chemical structure information.6,7,8 This technique has been used to study 




 In this work, we studied the effect of surface hydration on adhesion strength of 
mussel adhesive plaques. Surfaces include quartz, poly(methylmethacrylate) (PMMA), 
polydimethylsiloxane (PDMS), polystyrene (PS), and polymer brushes of oligo(ethylene 
glycol) methacrylate (pOEGMA) and sulfobetaine methacrylate (pSBMA) (structures 
shown in Figure 6.1). SFG spectroscopy was used to investigate the hydration of a variety 
of surfaces before and after the deposition of mussel adhesive in the presence of water. 
The SFG results revealed that surfaces of pOEGMA and pSBMA exhibited surface 
hydration in both the absence and presence of mussel adhesive while all other surfaces 
were no longer hydrated upon deposition of mussel plaques. Adhesion did not correlate 
with hydration, in fact adhesion was higher on pOEGMA and pSBMA surfaces than with 
others, with the exception of aluminum and quartz which yielded the strongest adhesion.  
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Figure 6.1. Structures of homopolymers and polymer brushes anchored to substrates. 
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6.2 Experimental  
 
6.2.1 Coating Preparation  
 Quartz and glass slides 3 inch x 1 inch x 1 mm were purchased from VWR and 
used as is. Aluminum T6061 sheets 1/8 inch thick were purchased from Farmers Copper 
(Galveston, TX). Acrylic (PMMA) and polystyrene (PS) sheets 1/8 inch thick were 
purchased from United States Plastic Corporation (Lima, Ohio). Aluminum, PMMA and 
PS were cut into 3 inch x 1 inch pieces. All substrates were cleaned with soap and rinsed 
with DI water and ethanol. Aluminum, quartz, and glass received an additional rinse of 
acetone. Substrates were dried with Kimwipes.  
 
6.2.1.1 PDMS Coating 
 Glass slides were cleaned with 10% NaOH for 2 hours, rinsed with DI water, and 
dried under argon. Sylgard 184 Silicone Elastomer Kit  (Dow Corning) was purchased 
and used according to instructions. Curing agent was added to the elastomer base in a 
1:10 ratio, thoroughly mixed, and applied to slides. Silicone coated slides were heated at 






6.2.1.2 pSBMA and pOEGMA Brushes 
 Zwitterionic (pSBMA) and PEG (pOEGMA) polymer brushes were prepared by 
our collaborators Dr. Hsiang-Chieh Hung and Professor Shaoyi Jiang at University of 
Washington. The polymer brushes were grown on glass slides via atomic transfer radical 
polymerization (ATRP) according to previous reports.9,10 
 
6.2.2 SFG Spectroscopy  
 The SFG spectroscopy was implemented by Dr. Chuan Leng and Professor Zhan 
Chen at University of Michigan.  
 
6.2.2.1 Adhesive Plaque Deposition on Substrates  
 Animals deposited adhesive plaques onto 1 inch x 1 inch glass substrates 
containing polymer coatings of PS, PMMA, pSBMA, pOEGMA and PDMS. Uncoated 
quartz (1 inch x 1 inch) and CaF2 prisms were also used to gather adhesive. For each type 
of coating, the substrates were adhered to a larger piece of glass with double sided tape. 
This gave a much larger area, rather than a 1 inch x 1 inch square, for mussels to deposit 
glue. One mussel was held in place on each coating with a rubber band. Animals were 
contained in a 10 gallon aquarium under growth conditions of 4 °C, 3.5 grams/100 mL 
salinity, and constant aeration. Adhesive was collected over several days until several 
mussel plaques were deposited on each coating.  
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6.2.3 Design for Adhesion Testing   
 Two 3 inch x 1 inch substrates were held together with binder clips with one 
aluminum piece underneath for support (Figure 6.2). Two rubber bands were used to hold 




Figure 6.2 Design for mussel adhesion testing 
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6.2.4 Animal Handling  
 One blue mussel was placed on each plate and held in place with two rubber 
bands. Mussels used were adults of ~6-8 cm in length. Five mussels, one on each plate, 
were contained in a 10 gallon aquarium under the following growth conditions: 4 °C,  
3.5 grams/100 mL salinity, and constant aeration.  
 
6.2.5 Animal Health Test 
 To examine the toxicity of these coatings on mussels, animal health was assessed. 
Animals were removed from the test plates after 3 days of exposure and stored in 
polyethylene bags at -80 °C for 1-3 days prior to analysis. For each coating, a total of 10 
animals were tested while 60 animals were examined for the aluminum controls. Frozen 
samples were boiled in 1 L of water for 1.5 minutes. Using a scalpel the soft tissue was 
removed from the shell. The wet tissue and shell were dried at 60 °C to a constant weight. 
Samples were measured to the nearest 0.001 gram and the condition index (CI) was 
calculated using the following equation from reference 11:  
 
  






 x 100                                        Eq. 2 





6.2.6 Adhesion Data Collection  
 Removal force was collected on an Instron 5544 materials testing system. 
Adhesion testing was carried out three days after placement of the mussels and plates into 
aquaria. At least ten animals were examined for each coating type (quartz, PMMA, 
PDMS, PS, pOEGMA, pSBMA) and seventy-five animals for aluminum controls. 
Adhesion data were gathered in three rounds whereby each round contained five mussels 
each on a separate panel per coating type.  
 Adhesion for the first round of coatings was collected over 6 consecutive days, 
testing each coating type independently. Aluminum controls were tested on the same day 
of each coating type. A second round of adhesion testing was gathered over 6 consecutive 
days with aluminum controls. To obtain more adhesive plaques for data collection, a third 
round of testing was performed on PDMS, PMMA, pOEGMA, and pSBMA. Data was 
gathered over 4 consecutive days with aluminum controls for each coating. Note that 
during round 2 and 3 of testing, animals were placed on 1 inch x 1 inch PVC stands to 
ensure animals deposit plaques on the coatings rather than the glass aquarium.  
 Combining all rounds of adhesion testing, 10 animals were examined on each 
coating type of quartz and PS, while 15 animals were examined on each of PDMS, 
PMMA, pOEGMA, and pSBMA. With every coating type, adhesion was also gathered 
on aluminum control plates containing five animals. Having more aluminum controls has 




6.2.7 Adhesion Analysis  
 Force, area, and adhesion measurements were averaged per testing round for each 
surface. Average values per round were then averaged to give an overall mean value for 
force, area, and adhesion per substrate.  
 
6.2.8 Animal Behavior 
 Mussel behavior was monitored and visually assessed on each coating relative to 
the aluminum controls. Photographs and videos were taken to record a change in 
behavior.  
 
6.2.9 Statistical Analysis  
 A nested ANOVA was performed to examine differences in mean values of 
mussel adhesion between rounds and animals within each round. Dunnett’s test was 
performed to compare mean adhesion values on all surfaces to those on aluminum 
controls. The confidence level of 99% (p < 0.01) was used as the significance level for 
rejecting the null hypothesis (i.e., adhesion strength among animals or rounds are not 
statically different). Data were analyzed with SAS 9.4 for Windows.  
 
6.3 Results and Discussion  
 
6.3.1 Mussel Health  
 To examine potential toxicity effects, mussel health was assessed. Animals were 
in contact with test plates in 10 gallons of water with aeration for 3 days. Often, healthy 
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mussels exhibit valve-gape when in water and will close their valves when tapped. All 
animals on surfaces passed this tap test. In addition, the condition index was measured for 
each animal which is the measurement of soft tissue mass as a function of dried shell 
mass. Relative to aluminum controls, if animals are ill, wasting of tissue will occur thus 
showing a decrease in condition indices. Table 6.1 shows results from condition index 
measurements. Condition indices of mussels exposed to coatings are similar to that on 
aluminum controls thus showing no ill effects.  
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Table 6.1 Health studies for mussels exposed to coatings for 3 days in seawater 
coating condition index 
aluminum (control) 17 ± 5 
quartz 20 ± 6 
PS 19 ± 4 
PMMA 20 ± 4 
PDMS 19 ± 3 
pOEGMA 16 ± 3 
pSBMA 16 ± 6 
The provided condition indices in (grams of dry 
meat weight/ grams of dry shell weight) x 100 are 
averaged from a minimum of ten animals.  Errors 
provided are one standard deviation.   
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6.3.2 Mussel Adhesion and Plaque Production 
 Mussels were banded to test plates and aluminum controls and placed in 10 gallon 
aquaria for 3 days. Animals and plates were removed from aquaria and their threads were 
cut at the shell leaving behind attached plaques and threads to surfaces. Plaques were 
photographed to determine the area by digital image analysis. Adhesion strengths of the 
mussel plaques were measured. Each thread was pulled perpendicular to the surface until 
failure. Adhesion of individual plaques was calculated by dividing removal force by 
plaque area. In addition to adhesion, adhesive plaque production (Table 6.2) and material 
failure modes (Table 6.3) were recorded.  
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75 209 2.8 44 ± 2 0.57 ± 0.04 133 ± 9 
quartz  10 54 5.4 45 ± 4 0.49 ± 0.06 115 ± 17 
pSBMA 15 25 1.7 52 ± 6 0.50 ± 0.11 99 ± 23 
pOEGMA 15 26 1.7 56 ± 8 0.47 ± 0.08 90 ± 21 
PS 10 34 3.4 55 ± 5 0.40 ± 0.06 75 ± 14 
PDMS 15 16 1.1 60 ± 7 0.33 ± 0.07 56 ± 11 
PMMA 15 24 1.6 60 ± 7 0.31 ± 0.07 52 ± 11 
Average adhesion was calculated by dividing the removal force by the plaque area 




Table 6.3 Failure mode analysis of adhesives produced by mussels on coatings 














75 209 49% 35% 6% 10% 
quartz 10 54 33% 28% 13% 26% 
pSBMA 15 25 76% 12% 0% 12% 
pOEGMA 15 26 31% 19% 8% 42% 
PS 10 34 100% 0% 0% 0% 
PDMS 15 16 100% 0% 0% 0% 
PMMA 15 24 84% 4% 8% 4% 
Average adhesion was calculated by dividing the removal force by the plaque area 
(Pa = N/m2)  
* Adhesive failure was when a plaque pulled off the coating intact.  
† Cohesive failure was when a plaque tore leaving behind some plaque on both the 
coating and thread.  
‡ Thread break was when the thread broke leaving a plaque in tact on the coating.  
§ Thread-plaque break was when the thread detached at the plaque interface leaving 





6.3.3 Average Mussel Adhesion 
 Average adhesion data for mussels on each surface are shown in Figure 6.3. 
Every surface, with the exception of quartz, displayed significantly less adhesion than 
aluminum controls. Relative to controls, adhesion strengths decreased on surfaces of 
pSBMA, pOEGMA, and PS and an even larger reduction was noted on PDMS and 
PMMA surfaces. The number of plaques per animal was similar for pSBMA, pOEGMA, 
PDMS, and PMMA surfaces. These results suggest that although zwitterionic and PEG 
did not result in the lowest adhesion strengths, these coatings may be working in a way 
that deters animals from depositing more adhesive plaques.  
 Plaque failure modes and quantities of adhesive are shown in Table 6.3. Surfaces 
of PDMS and PMMA exhibited mostly adhesive failure with 100% and  
84% respectively. Although strengths were slightly higher at 75 kPa, PS also exhibited 
100% adhesive failure. Plaques deposited on polymer brush surfaces of pOEGMA had 
high percentages of adhesive and thread-plaque break at 31% and 42%, respectively. 
Surfaces of pSBMA yielded mostly adhesive failure at 76%.  
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Figure 6.3 Average adhesion of mussels on surfaces. Error bars shown are 99% 
confidence intervals.  Asterisks (**) denote statistically significant differences from 
aluminum controls for all coatings with the exception of quartz (Dunnett’s: P <0.01).  
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6.3.4 Statistical Analysis of Mussel Adhesion 
 Statistical results for surfaces are shown in Table 6.4. A nested ANOVA showed 
statistically significant differences (p <0.01) between animals on some surfaces. No 
statistical differences were found between rounds of testing on all surfaces. Although 
there is a variation among animals within rounds, there is not a significant variation 
between rounds, thus, it is valid to average all animals on each surface. When comparing 
mean values of adhesion, all surfaces with the exception of quartz observed a significant 
difference versus aluminum controls (Dunnett’s: P 0.01).  
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Table 6.4 Statistical analysis of mussel adhesion (Nested ANOVA) on surfaces 
surface source P value 
 
aluminum (control) 
all 15 rounds  0.3544 
all animals  0.0008** 
 
quartz 
round 1 vs. 2  0.1450 
all animals  0.2592 
 
pOEGMA 
round 1 vs. 2 vs. 3 0.8163 
all animals  0.0296  
 
pSBMA 
round 1 vs. 2 vs. 3 0.9587 
all animals  0.0017** 
 
PS 
round 1 vs. 2 0.5125 
all animals  0.0072** 
 
PDMS 
round 1 vs. 2 vs. 3 0.3050 
all animals  0.1431 
 
PMMA 
round 1 vs. 2 vs. 3 0.4620 
all animals  0.0005** 
Mussel adhesion on coatings with animals nested within rounds. Statistically 
significant differences (P <0.01) are designated by asterisks (**).  
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6.3.5 SFG Spectroscopy 
 SFG spectroscopy was applied to study the surface hydration of several polymeric 
coatings in addition to uncoated quartz and CaF2 substrates. Spectroscopy was performed 
at the interface in water in the presence and absence of mussel adhesive.  
 Figure 6.4 shows the SFG spectra collected from CaF2 and quartz in water, in the 
presence of mussel adhesive in water, and the presence of mussel adhesive in D2O. In 
water, both CaF2 and quartz surfaces show peaks around 3170 cm-1 and 3400 cm-1 which 
correspond to strongly and weakly hydrogen-bonded water molecules, respectively.12 In 
the presence of mussel adhesive protein, the water signal disappears and there is a strong 
N-H band at 3190 cm-1  corresponding to the interfacial proteins on both surfaces of CaF2 
and quartz.13 The N-H peak signal found on the quartz surface is slightly wider than that 
on the CaF2 surface, suggesting that water may be weakly bound on the quartz surface in 
the presence of protein while the CaF2 surface is not hydrated.  
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Figure 6.4. SFG signals of (A) CaF2 and (B) quartz in water before and after mussel 
plaque deposition. 
116 
 Figure 6.5 shows the SFG spectra collected from PMMA and PS surfaces 
including d8-PMMA and d8-PS in the presence of water and mussel adhesive in water. 
Additionally, d8-PMMA and d8-PS with mussel adhesive were subjected to D2O. In water, 
PMMA and d8-PMMA show signals for strong and weakly bound water molecules at 
about 3200 cm-1 and 3470 cm-1. Spectra collected on PS and  
d8-PS in the presence of water show a very small signal where hydrogen bound water 
molecules would appear. These results are not surprising as PS is less hydrophilic than 
PMMA, thus attracting less water to the surface. On PMMA surfaces in water, there is a 
signal at 2990 cm-1 that can be assigned to the methyl ether group in the polymer side 
chain.14 In the presence of mussel adhesive in water, both the methyl ether and water 
signals disappear suggesting that the PMMA surfaces are no longer hydrated. It is not 
surprising that the methyl ether signal disappears, as it is more hydrophilic and would 
rather be in the water layer than in the more hydrophobic mussel protein. There is also 
the appearance of a strong N-H signal at ~3300 cm-1 for the protein.  For PS surfaces in 
the presence of mussel adhesive in water a signal at ~3050 cm-1 appears and can be 
assigned to the phenyl group in the polymer.15 As phenyl groups within the styrene 
polymer are more hydrophobic, it is expected that these would have a higher affinitiy for 
the protein layer than for water. Here too, we see a strong signal for N-H . Upon exposing 
d8-PMMA and d8-PS to D2O, the methy ether and phenyl signals disappear while the N-H 
signal at ~3300 cm-1 becomes less broad and intense suggesting that the protons within 
the mussel adhesive protein are able to undergo an exchange with D2O.  
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 Figure 6.5 E shows a schematic summarizing SFG spectra collected on PMMA 
and PS surfaces. For surfaces in water without any mussel adhesive, SFG spectra indicate 
the presence of methyl ether groups from PMMA and the lack of phenyl groups from PS. 
In contrast, in the presence of mussel adhesive in water, the methyl ether signal from 
PMMA disappears while the phenyl signal from PS appears. The more hydrophilic 
methyl ether groups in PMMA are present when water is at the surface while the less 
hydrophilic phenyl groups in PS only become present with the addition of the more 
hydrophobic interfacial protein layer.  
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Figure 6.5. SFG signals of (A) PMMA, (B) d8-PMMA, (C) PS, and (D) d8-PS in the 
presence of water before and after plaque deposition.(E) Schematic showing the presence 
or absence of methyl groups in PMMA surfaces (top) or phenyl groups in PS surfaces 
(bottom) in the presence of water and mussel adhesive. 
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 Figure 6.6 shows the SFG spectra collected from PDMS, pOEGMA, and pSBMA 
surfaces in the absence and presence of mussel adhesive in water. The spectrum of 
PDMS in water shows a small signal at ~3170 cm-1 corresponding to interfacial water 
with a stronger methyl signal at  ~2920 cm-1 for PDMS. In the presence of mussel 
adhesive, both the water and methyl signals decrease suggesting that the surface is no 
longer hydrated at the interface. Both surfaces of pOEGMA and pSBMA in water show a 
strong peak at ~2950 cm-1 and 2920 cm-1 from the methylene groups in the polymer 
backbone and/or side chains.14 At the pOEGMA/water interface, there is a strong signal at 
~3190 cm-1 and a smaller shoulder at 3450 cm-1 corresponding to stronger and weaker 
hydrogen-bonded water molecules, respectively.12 The interface of pSBMA/water also 
has a strong signal at ~ 3200 cm-1 indicating strong hydrogen-bonded water molecules. In 
the presence of mussel adhesive in water, the plaque/pOEGMA interface shows a 
decrease and shift in water signal while the water signal at the plaque/pSBMA interface 
decreases only slightly. These results indicate that the water may be interrupted upon 
plaque deposition on the pOEGMA surfaces but continues to stay bound tightly on 
pSBMA surfaces. It is important to note that in the presence of mussel adhesive, surfaces 
of PDMS, pOEGMA, and pSBMA do not show any N-H signal attributed to interfacial 
proteins. Additionally, with the additon of  D2O or air, water signals decrease 
dramatically on both pOEGMA and pSBMA surfaces. Figure 6.6 E shows a schematic of 
conclusions from SFG spectra on surfaces. Most notably, pOEGMA and pSBMA 
surfaces are hydrated in the presence of water and continue to stay hydrated in the 




Figure 6.6. SFG signals of (A) PDMS, (B) pOEGMA, and (C) pSBMA in the presence of 
water before and after plaque deposition. pOEGMA and pSBMA surfaces with mussel 
adhesive were also subject to air and D2O. (D) Schematic showing the existence of 
methyl groups from SFG signals on PDMS surfaces (top) and degree of hydration of 
pOEGMA and pSBMA surfaces in the presence of water and mussel adhesive. 
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6.3.6 Animal Behavior 
 Changes in animal behavior were observed when comparing the coatings versus 
aluminum controls. Figure 6.7 shows that after 3 days of exposure, animals on aluminum 
plates stayed on top of the PVC stands, while those that were secured to pSBMA and 
pOEGMA moved out from under the rubber bands and fall off of the stands. This change 
in behavior indicates that the animals may not like the pSBMA and pOEGMA surfaces 
and move to find better places to lay their adhesive plaques.  
 
 
Figure 6.7 Animal behavior on aluminum controls and zwitterionic and PEG polymers   
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 According to SFG spectroscopy, in the presence of mussel adhesive in water, 
PEG and zwitterionic polymer brushes (pOEGMA and pSBMA) stay hydrated at the 
plaque/polymer interface. With hydration of a surface, one may expect that the strength 
of the adhesive would decrease due to this barrier of water. According to adhesion data, 
bonding strength on pOEGMA and pSBMA are higher than those on PDMS and PMMA. 
The presence of DOPA groups within the mussel protein, giving the plaques glue-like 
properties, may be able to displace any surface bound water thus allowing for bonding to 
occur. Water may still be present at the protein/polymer interface in SFG spectra since 
plaques are made up of other proteins that are not all DOPA-containing proteins. For 
pSBMA surfaces, zwitterionic groups give areas for DOPA to bind thus resulting in 
higher adhesion strength. It is also important to note that although pOEGMA and 
pSBMA have higher adhesion strengths at 94 kPa and 89 kPa, respectively, the number 
of plaques deposited per animal is 1.7. This value is much lower than on other surfaces 
including quartz, PS, and aluminum. This may be an indication that the animals may not 
deposit adhesive onto these surfaces as willingly as they would onto other surfaces thus 
providing the nonfouling properties for zwitterinic and PEG-containing polymers.   
 In addition to looking at the amount of plaques deposited onto each surface, we 
have also noted the change in animal behavior while exposed to each surface. We see that 
animals more readily move out from under the rubber bands and fall off of the PVC stand 
when on pOEGMA and pSBMA than on any other surface (Figure 6.7). This behavior 
may indicate that these surfaces are not attractive to the animals therefore the animals try 
to escape from the surfaces.  
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 Animal behavior on these surfaces may also correlate to surface hydration 
behavior that has been noted with SFG spectra. Before depositing glue, animals use their 
foot to detect whether a surface is a good candidate to lay plaques. If animals only feel 
water, due to the strongly hydrogen-bonded water at the polymer/water interface, animals 
may not deposit as many plaques and may even try to move out from under the rubber 
bands to get onto a more appealing surface.  
 
6.4 Conclusion  
 Using SFG spectroscopy, coupled with adhesion measurements of mussel plaques, 
we have a better understanding of how surface hydration of pOEGMA and pSBMA 
affects the strength of mussel adhesion in comparison to several other surfaces. 
According to SFG spectroscopy, pOEGMA and pSBMA surfaces were well ordered in 
water with strongly bound surface water. In the presence of mussel adhesive, the 
plaque/pOEGMA interface exhibited less ordered but still bound molecules of water 
while the plaque/pSBMA interface showed a small decrease in bound water. Zwitterionic 
and PEG surfaces were still hydrated even with plaque deposition. SFG spectra show that 
all other surfaces including CaF2, quartz, PMMA, and PDMS, were no longer hydrated at 
the plaque/polymer interface in water. Mussel adhesion on pOEGMA and pSBMA 
surfaces were significantly reduced from aluminum controls but adhesion was higher 
than that on PDMS and PMMA surfaces. Although surfaces showed hydration, mussels 
still produced plaques with high adhesion strengths. Literature has reported that DOPA-
rich mussel proteins within the adhesive may displace surface bound water allowing for 
notable adhesion strengths.16 Additionally, the number of plaques deposited per animal 
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was much lower on zwitterionic and PEG surfaces than on quartz, PS, and aluminum. In 
conjunction with observing a change in animal behavior while exposed to these coatings, 
data may indicate that pOEGMA and pSBMA are not appealing for animals to deposit 
plaques, ultimately providing nonfouling surfaces that deter marine fouling.  
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CHAPTER 7. STUDY OF MUSSEL ADHESION OVER ONE YEAR 
7.1 Introduction 
 Often marine mussels are found bound to one another and rocks at the intertidal 
zones of rocky coats.  In recent years, the effect of hydrodynamic forces of waves on the 
intertidal community has been studied.1-4 It is known that storms have an affect on the 
rate at which mussels are removed from their environment, but other factors may also 
include the changes in flow environment, or wave climate, water temperature, and 
salinity which may vary seasonally or annually.1-4 These studies have allowed for a 
mechanistic approach to predict the disturbance of the marine community depending on 
the environmental event.4 
 Some studies have shown that mussels will modify their attachment strength with 
seasonal changes5,6,7 but, currently we are unaware whether mussels will exhibit this 
same change in strength when environmental conditions do not change. This is 
particularly important to study in a laboratory setting, where conditions can be controlled, 
to help establish any variation that may occur in the adhesion strength of animals. Any 
variation noted in this study may help provide a baseline for mussel when testing 
adhesion on antifouling coatings. This information may influence the method of which 
mussel adhesion is tested within a laboratory setting. 
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 Using  mussels gathered from the coastal waters of Maine, we have kept them in 
constant growth conditions, including temperature, salinity, lighting, and aeration 
throughout the year. Adhesion strength of animals were measured weekly on aluminum 
and PVC substrates over the course of 16 and 14 months, respectively. Results show that 
mussel adhesion may vary throughout the year in a repeated pattern. 
 
7.2 Experimental  
 
7.2.1 Animal Handling 
 Mussels used during these experiments were purchased in January of 2014 and 
maintained in the laboratory’s saltwater aquarium until the June 2015. The aquarium 
growth conditions were held constant at 4°C, 3.5 grams/100 mL salinity and aeration. 
Marine Environment Dual Phase formula salt from Aqua Craft was used to prepare 
seawater according to instructions. Spot lights were programmed with automatic timers to 
provide ~12 hours of daylight from 6 am to 6 pm. Providing programmable light should 
help provide an environment that is similar to the mussel’s natural habitat.  
 
7.2.2 Mussel Adhesion Measurements  
 Aluminum and polyvinyl chloride (PVC) panels, 10 cm x 10 cm and 3.2 mm thick, 
were cleaned with soap, rinsed with water and acetone, and dried with paper towels. One 
blue mussel (Mytilus edulis) was placed on each coated test panel and held in place with a 
rubber band. Animals were contained in the surge tank portion (150 gallons) of the 
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~1,200 liter saltwater laboratory aquarium system. This tank provides a surge of water 
periodically that helps induce mussel adhesive production.  
 Adhesion measurements were gathered after three days of placing animals and 
panels into the aquarium. Four animals were placed on each aluminum and PVC 
substrates. Their threads were then cut at the shell leaving behind attached plaques and 
threads to surfaces. Plaques were photographed to determine the area by digital image 
analysis. After each round of adhesion testing, animals were placed back into the 
laboratory aquarium and separated from the other animals. Mussels were not reused for 
experiments, but rather a new group of mussels were taken from our laboratory aquarium 
each week and placed on new substrates.  
 Adhesion strengths of the mussel plaques were measured whereby removal force 
was collected on an Instron 5544 materials testing system. Each thread was pulled 
perpendicular to the surface until failure. Adhesion of individual plaques was calculated 
by dividing removal force by plaque area. In addition to adhesion, adhesive plaque 
production (Figure 7.2) and material failure modes (Figure 7.3) over time were recorded. 
Adhesion was measured weekly and data was gathered over ~16 months on aluminum 
and ~14 months on PVC. On aluminum substrates, 63 weeks worth of measurements 
were gathered and on PVC 55 weeks worth were collected.  
 
7.2.3 Adhesion Analysis 
 Force, area, and adhesion measurements were averaged per animal for each 
substrate. Average values per animal were then averaged to give an overall mean value, 
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thus reducing the effect of one mussel potentially providing an unusually high or low 
number of plaques or strong or weak adhesive.  
 
7.3 Results and Discussion  
 
7.3.1 Mussel Adhesion and Plaque Production 
 Plaque area and removal force were measured on aluminum substrates over the 
course of 16 months. Figure 7.1 shows average adhesion, force, and area measured from 
2014-2015. There was a variation in adhesion on aluminum substrates over the course of 
this study whereby strengths increased over ~6 week time span. After peaking, adhesion 
then decreased during the following ~6 weeks. This pattern seemed to have repeated 
throughout the study. These results were rather unexpected. It is well known that mussels 
are able to vary adhesion with changes to the environment but when the growth 
conditions were held constant, a variation was still noted. Although mussels aged 
throughout the course of this study in our laboratory aquarium system, adhesion strengths 
remained similar to those when we first gathered the animals from Maine. This result was 
very encouraging and supported our efforts in caring and providing a sustainable 
laboratory environment for these animals.  
 Data on PVC substrates was gathered and adhesion was monitored throughout the 
study. There was no appreciable variation in adhesion on PVC therefore the study was 
terminated earlier than that on aluminum, at the end of 55 weeks of measurements 
spanning ~14 months. Data is not shown for PVC.  
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Figure 7.1. Average adhesion, force, and area measured on aluminum substrates from 
2014-2015. Error bars are one standard deviation. 
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 On aluminum, the number of plaques deposited per animal over time was 
recorded (Figure 7.2). In early February 2014, animals were producing a large number of 
plaques with an average ~6-7 plaque per animal. These results are not surprising since 
animals arrived to our laboratory from the coastal waters of Maine in January and should 
be in good health. The number of plaques per animal slowly decreases throughout the 
year whereby at the end of 16 months animals were depositing much less plaques. It is 
also interesting to note that although the number of plaques per animal decreases as the 
animals get older and the year processes, the adhesion strength remains significant at 
around 100 kPa.  
 




 Failure modes of plaques on aluminum were recorded (Figure 7.3). Most notably, 
at the beginning of 2014, there was a high percentage of cohesive and thread break failure 
while adhesive and thread plaque break were relatively low. As the year processed, the 
percentage of adhesive failure increased. These results may suggest that as animals are 
growing older in the laboratory’s aquarium, the adhesive bonding to the surface is 








 It was observed that adhesion increased over the course of ~6 weeks whereby 
strengths eventually reached their highest and then decreased over the following ~6 
weeks. Results show that mussel adhesion may vary throughout the year in this repeating 
pattern. It is important to note that after one year of keeping animals in our laboratory 
aquarium, mussels still exhibited comparable adhesion strengths to when we first 
gathered them from the coastal waters of Maine.  
 A change in material failure modes was noted. Throughout the study, the 
percentage of adhesive failure of plaques increased while that of cohesive failure seemed 
to decrease. These results are interesting but not surprising. We can assume that animals 
are the healthiest when we receive them from the ocean waters, which may result in 
bulkier plaques containing more protein thus having a stronger bond to the surface 
resulting in a lower percentage of surface adhesive failure and higher percentage of 
cohesive failure. As the animals age over time, we may expect that they won’t deposit as 
much adhesive proteins resulting in more failure at the surface observed by the higher 
percentage of adhesive failure. The number of plaques deposited per animal also seemed 
to decrease throughout the study which may support that as mussels age they may 
produce less protein which also may affect the material failure modes.  
 Further consideration needs to be given to determine whether the repeating 
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A sum frequency generation (SFG) vibrational micro-spectroscopy system was developed to examine buried
heterogeneous biointerfaces. A compact optical microscope was constructed with total-internal reflection (TIR)
SFG geometry to monitor the tightly focused SFG laser spots on interfaces, providing the capability of selectively
probing different regions on heterogeneous biointerfaces. The TIR configuration ensures and enhances the SFG
signal generated only from the sample/substrate interfacial area. As an example for possible applications in bio-
interfaces studies, the system was used to probe and compare buried interfacial structures of different biological
samples attached to underwater surfaces. We studied the interface of a single mouse oocyte on a silica prism to
demonstrate the feasibility of tracing and studying a single live cell and substrate interface using SFG. We also
examined the interface between a marine mussel adhesive plaque and a CaF2 substrate, showing the removal of
interface-bonded water molecules. This work also paves the way for future integration of other microscopic tech-
niques such as TIR-fluorescence microscopy or nonlinear optical imaging with SFG spectroscopy for multimodal
surface or interface studies. © 2014 Optical Society of America
OCIS codes: (300.6490) Spectroscopy, surface; (300.6420) Spectroscopy, nonlinear; (120.4820) Optical systems.
http://dx.doi.org/10.1364/OL.39.002715
Sum frequency generation (SFG) vibrational spectros-
copy is a surface-sensitive nonlinear optical technique
that has been widely used in studying polymers and bio-
molecules [1–3]. SFG can provide in situmolecular-level
structural information on a buried interface that is acces-
sible by laser beams. This type of buried interface is
usually difficult to probe using other analytical methods
[2]. Polarized SFG spectra can be used to derive molecu-
lar orientation information of various functional groups
such as methyl, methylene, and phenyl groups, as well as
protein secondary structures at various interfaces [4–7]
SFG can also be used to study time-dependent interfacial
behaviors of various molecules [8]. These advantages
make SFG spectroscopy unique in material science
and biological studies [6].
The majority of SFG experiments have been performed
on homogeneous samples. The focused input laser beam
size on a sample is usually ∼500 μm × 500 μm with no
beam tracking capability. SFG signals from the entire
focal spot are collected and summed to generate a
spectrum. It is difficult to apply these conventional
systems to study heterogeneous biological samples with
different features smaller than the above laser beam
size at different locations. A few conventional SFG
studies have been performed on real biological samples,
including cells. In these studies, a separate optical micro-
scopic technique was used with SFG spectroscopy to
characterize the sample morphology [9–11]. This method
cannot be used to track desired sample locations
and cannot rule out possible errors caused by different
experimental conditions or sample locations with sepa-
rate techniques.
SFG imaging, which can obtain important surface
structural information with good spatial resolution, has
been developed using picosecond or femtosecond lasers
with high [12–14] or low repetition rates [15–19]. How-
ever, the use of traditional SFG imaging found difficulties
and limitations in buried interfacial studies. For example,
most SFG imaging systems use transmission geometry.
Therefore, the input laser beams may need to pass
through multiple layers to reach the sample/substrate in-
terface for study. All the layer interfaces in the beam path
may generate SFG signals, thereby complicating spectral
analysis and making it difficult or impossible to distin-
guish signals generated only from the buried sample/
substrate interface. The geometry used in most SFG im-
aging systems also limits the detection of weak signals
generated at buried interfaces by biological samples.
Furthermore, if the input laser beams are perpendicular
to the sample interface, the capability of using different
polarizations to derive molecular orientations from
polarized SFG spectra is lost.
SFG performed in a total-internal reflection (TIR)
configuration (TIR-SFG) utilizes the evanescent wave
from the TIR beam to examine interfacial molecular
structures [15,20,21]. This type of geometry ensures that
SFG spectra are collected primarily from the sample/sub-
strate interface. Another advantage is the capability of
detecting weak SFG interfacial signals generated from
biological samples with low input laser powers due to
the large input angle and the total signal reflection
[22,23]. However, in most of the previous TIR-SFG stud-
ies, model biological systems and homogeneous surfaces
were investigated. Real biological samples are usually
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heterogeneous and may generate only very weak SFG
signals at buried interfaces. These problems prevent
the extension of SFG spectroscopy to studying buried
heterogeneous biointerfaces.
We have demonstrated a unique way to combine laser
beam tracking capabilitywith a TIR-SFG configuration for
the study of buried heterogeneous biointerfaces. An
optical microscope was constructed and used with a
commercial SFG spectrometer (EKSPLA) working in
TIR geometry to examine these biointerfaces. We show
the feasibility of using our system for single cell/substrate
and underwater marine tissue/substrate interfacial
studies, providing interfacial structural information of
heterogeneous biological samples attached tounderwater
surfaces.
Figure 1 shows a schematic of our system configura-
tion. Details of the commercial SFG spectrometer used
in this experiment have been previously reported [24].
We used an “inverted” TIR-SFG geometry (the input
beams enter the interface from underneath) which en-
sured the contact of biological samples (such as cells)
with the substrate for TIR study. The visible and IR input
beams were focused using two CaF2 lenses, both with
100 mm focal lengths. A right angle prism substrate
was used to support the samples, as well as guide the in-
put beams to the specimens. The large incident angle of
the visible beam guaranteed visible and signal TIR at air/
substrate and water/substrate interfaces. The visible
beam at the sample plane could be focused down to
about 20 μm × 70 μm. The beam size can be varied by
changing the focusing lens positions in x-direction. Theo-
retically, the visible beam width was stretched 3.5 times
in the x-direction (due to an incident angle of 73.6° at sub-
strate/sample interface), and the beam spot had an ellip-
tical shape. An optical microscope sitting above the
prism allowed for visual monitoring of the sample and
laser spot in real time. A telescope system above the
microscope objective was used to expand the light view
to fill a complementary metal–oxide–semiconductor
(CMOS) camera used for collecting real-time bright-field
(BF) images. The three-dimensional translation stage on
the microscope was used to find the microscope focal
plane and the visible laser spot. Then the stage on the
prism holder was used for finding the desired sample
feature for study and overlapping it with the visible beam
spot. A collimated white light source illuminated the
microscope field of view from the side. The entire system
resided on a movable breadboard and could be transi-
tioned conveniently for fast installation. All of the SFG
spectra in this study were collected using a polarization
combination of s-polarized signal, s-polarized visible, and
p-polarized IR, although other polarization combinations
also can be used [6]. The system still has the capability of
deriving molecular orientations based on polarized
SFG spectra. Microscope image scale calibration was
performed using a USAF 1951 resolution test pattern.
Before applying this system to study biological
samples, we first demonstrate the monitoring of laser-
induced polymer film photodamage to illustrate the
advantage of real-time laser beam tracking in an SFG ex-
periment for valid spectral measurements. A poly(methyl
methacrylate) (PMMA) (Mw ≈ 75; 000) thin film was
deposited onto a fused silica substrate by spin coating
a 1 wt. % PMMA in toluene solution. Surface images of
the PMMA film were taken with a microscope objec-
tive working in air (Olympus PLN 40X). SFG spectra were
collected from the PMMA surface with different visible
beam pulse energies, while the laser irradiation spot
wasmonitored using opticalmicroscopy in real time.With
10 or 20 μJ visible beam pulse energy, no damage to the
sample surfacewas observed (not shown). However, with
30 μJ visible pulse energy, the PMMA surface showed no-
ticeable damage during SFG signal collection. The strong
scattering of the laser beam on the surface shown in
Fig. 2B is due to this surface photodamage. The photo-
damaged area can be identified using the optical micro-
scope but not by the naked eye, as shown in Fig. 2C.
The SFG spectrum collected with 10 or 20 μJ visible beam
energy in Fig. 2A had a peak at 2955 cm−1, which can be
assigned to the symmetric stretching of the PMMAmethyl
ester group. The peak intensity increased linearly as a
function of the input laser energy with similar peak
widths. However, the SFG spectrum collected with 30 μJ
input visible pulse energy showed amuchwider peakwith
slightly decreased vibrational strength, as compared to
the 20 μJ case. Surface damage tends to randomize the
Fig. 1. Schematic of the beam tracking TIR-SFG system. The
SFG spectrometer is not shown in the figure.
Fig. 2. A, SFG spectra of a PMMA surface in air using 10, 20,
and 30 μJ (bottom to top) incident visible pulse energies. The
spectra (lines) were fit using the method shown in Ref. [6]. B,
BF image of the PMMA surface when the SFG spectrum was
being collected with 30 μJ incident visible beam pulse energy.
The strong scattering indicates the surface photodamage. C, BF
image of the same sample location collected using a white light
source without the input lasers after the SFG signal collection.
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methyl ester group orientation on the surface. The dam-
age resulted in less ordered surface methyl ester groups
with a broader orientation distribution; consequently a
wider peak with a weaker intensity was observed. This
application demonstrates the importance of tracking laser
beams in real time during an SFG experiment, which can
effectively avoid experimental errors caused by sample
damage or defects.
The buried interface between a cell and a solid surface
is an important biotic/abiotic boundary, the knowledge of
which may impact areas such as cell biology, biomedical
devices, and biofouling. Molecular level studies of cell/
solid substrate interfaces may bring about an understand-
ing of interacting mechanisms between cells and
substrates, which play crucial roles in cell adhesion, cell
culturing, and biocompatibility. Currently, extensive
research has not been performed on these buried inter-
faces at the molecular level due to the lack of appropriate
techniques. We have demonstrated the feasibility and
uniqueness of our system in these studies by examining
the buried interface between a single live cell and a solid
substrate.
In this Letter, meiotically incompetent germinal vesicle
intact (GVI) oocytes were collected from female CF-1
mice (Harlan) at days 11–13 by the manual rupturing
of pre-antral follicles. Procedures used for oocyte culture
were similar to those of previous reports [25]. No anchor
coating agent was used, and the cell was attached to the
silica prism by gravity and self-adhesion. In order to
avoid strong perturbation of the cell, the visible input
beam used for this SFG study was <2 μJ. Figure 3A
shows a BF image detected when the SFG input lasers
did not irradiate the mouse oocyte. The image was taken
with a water immersion microscope objective (Olympus
UMPLFLN 20XW). The SFG spectrum collected from
this area (the circled area in Fig. 3A) is shown in Fig. 3C
(top), which exhibits a broad water O─H band from 2800
to 3300 cm−1 (from strongly bonded, or “tetrahedrally
coordinated” interfacial water molecules [26]) as well
as some C─H signals between 2900 and 3000 cm−1.
When the sample was moved so that the oocyte over-
lapped the laser spot (Fig. 3B), the SFG signal (Fig. 3C,
bottom spectrum) showed that the water signal was
slightly increased and there was no significant C─H
contribution that interfered with the O─H signal. These
spectral differences indicate that, at the cell/substrate
and the buffer/substrate interfacial areas, the molecular
structures are different. At the “blank” buffer/substrate
interface, C─H signals were detected, contributed by
the ordered proteins (mostly bovine serum albumin used
in the oocyte preparation) adsorbed at the interface. The
oocyte zona pellucida (ZP, a glycoprotein layer outside of
oocyte lipid membrane) can randomize this adsorbed
protein layer, resulting in no C─H SFG signals from
the cell/substrate interfacial area. The SFG water O─H
signal from the same interfacial area slightly increased
(from spectra fitting), showing the increase in inter-
face-bonded water molecules in this area. This O─H
signal increase is likely induced by the glycoprotein in
the ZP zone, which has abundant hydroxyl groups (facili-
tating water hydrogen bonding). We believe that this is
the first time that a single live cell-induced buried inter-
facial structural change was observed by SFG spectros-
copy. This application also shows the feasibility of
examining buried heterogeneous biointerfaces with our
SFG system.
We further applied this system to study the interfacial
structure of marine mussel adhesive attached to a solid
surface in water. Mussels can strongly adhere to under-
water surfaces using plaques which contain adhesive
proteins. Studying the interfacial structure between a
mussel plaque and a solid substrate can help to under-
stand the origins of marine biofouling and to develop
better synthetic glues for various applications [27]. In this
Letter, we studied and compared the interfacial regions
between mussel adhesive/substrate and water/substrate
interfaces, shown in Fig. 4A. The mussel adhesive pla-
ques were deposited onto a CaF2 prism by live mussels.
The prism had adhesive plaques only in certain regions;
thus the sample was heterogeneous. Figure 4B shows a
BF image with the SFG input laser irradiating in the
mussel plaque area. The SFG spectra were collected in
the C═O and C─H∕O─H stretching frequency range,
respectively. The strong signal centered at 1660 cm−1
(Fig. 4D) may have resulted from the protein amide I
Fig. 3. A, BF image of the visible beam focused on the buffer/
substrate interface. B, BF image of the visible beam focused on
a mouse oocyte/substrate interface. C, SFG spectra taken on
locations shown in A (top) and B (bottom). Dots are experimen-
tal collected data and lines are the fitting results.
Fig. 4. A, schematic of the SFG experiment at a mussel
plaque∕CaF2 interface and a water∕CaF2 interface. B, BF image
of a position within the mussel plaque demonstrated in A. C, BF
image of a position in a “blank”water∕CaF2 area, demonstrated
in A. D, SFG spectrum in the C═O range collected in position 1.
E, SFGspectrum in theC─H∕O─Hrange collected in position 1.
F, SFG spectrum in theC─H∕O─Hrange collected in position 2.
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bond stretching and the cross-linked dihydroxyphenyla-
laine (DOPA) quinone at the interfacial area. In Fig. 4E,
weak C─H and strong N─H signals can be detected at
∼2880 cm−1 and ∼3300 cm−1 which were also attributed
to interfacial proteins. These results indicate that pro-
teins at the mussel adhesive∕CaF2 substrate interfacial
area were strongly ordered. When the input laser irradi-
ation area moved to a “blank” region to examine the
water/substrate interface, shown in Fig. 4C, a strong
O─H signal from strongly interfacial bonded water
and a weak C─H signal were detected (Fig. 4F). How-
ever, this water SFG signal was not clearly resolved in
the mussel plaque region (Fig. 4E). The SFG spectrum
collected from a similar sample interface in D2O exhib-
ited similar features as that displayed in Fig. 4E. Conse-
quently, we conclude that the ordered water molecules
are likely to be significantly removed between the mussel
plaque and the CaF2 substrate. Mussel proteins tend to
attach to the substrate without an ordered water layer
in between, which is different from the interface between
the substrate and the live oocyte discussed above. This
application shows the feasibility of extending SFG
spectroscopy to examine the buried biointerface formed
by thick underwater tissue and the substrate.
In conclusion, we have shown that SFG vibrational
spectroscopy performed in an “inverted” TIR geometry
and combined with a compact optical microscopy system
allowed for the study of buried heterogeneous biological
interfaces. The optical microscope can locate a specific
sample region in real time for SFG analysis. The TIR
geometry ensures that the SFG signal is generated pre-
dominantly from the buried sample/substrate interfacial
area and is sensitive to biointerfaces that generate weak
SFG signals. We detected the interfacial molecular struc-
tural changes induced by a single mouse oocyte on a
silica substrate. The system was also applied to investi-
gate the buried mussel adhesive plaque/solid substrate
interface, showing that the mussel adhesive plaque tends
to remove the ordered interfacial bonded water mole-
cules. This Letter helps to extend SFG spectroscopy to
study real biological interfacial systems. This research
also illustrates the feasibility of combining SFG spectros-
copy with other microscopic techniques, including
TIR-fluorescence microscopy or nonlinear optical imag-
ing to achieve multimodal analytical systems. The inte-
gration of diverse analytical techniques for studying
samples in the same environment simultaneously can
avoid potential errors caused by sample variations, time-
dependent changes, and environmental differences.
We thank Dr. Jun Ding for preparing oocytes. This
work is supported by the Office of Naval Research
and the National Science Foundation.
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